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ABSTRACT
Renal p a p illa ry  necrosis (RPN) in humans may be a consequence of 
analgesic abuse. The development o f the lesion manifests very few 
symptoms, but the sequelae may include disruption of normal homoestasis 
and chronic renal fa ilu re .
Attempts to define the molecular pathogenesis o f the analgesic 
associated lesion in experimental animals has not been successful. The 
lesion can only be induced over many weeks, not a ll o f the tes t animals 
are equally affected and experiments are notoriously irreproducib le .
2-Bromoethanamine (BEA) hydrobromide has been used as a model 
p ap illo tox in  in th is  study on ra ts . A single dose of BEA caused RPN 
w ith in  24 to 48h in a ll treated animals. The lesion could be varied
medullary ablation ( >150mg/kg ip ) . Pretreating rats with mixed 
functional oxidase inducers (phenobarbitone, 3-methylcholanthrene) or 
in h ib ito rs  (cobaltous ch lo ride); th io l protectors (acetylcyste ine, 
methionine) and free  radical scavengers (zinc sulphate); reserpine or 
dexamethasone cause no change in the magnitude of the lesion. A n ti­
rheumatic compounds and th e ir  analogues (given before BEA) and 
dehydration exacerbated the lesion. Some degree of protection against 
BEA-induced RPN was afforded by anti-oxidants and ethanolamine 
pretreatment. Animals with a steptozotocin-induced diabetes were
re fracto ry  to BEA.
Microscopically the e a rlie s t changes fo llow ing BEA in s u lt were a 
hydropic degeneration (4h) reverting to an apparently normal
architecture (8h), followed by necrotic change. The histochemical 
sta in ing in te n s ity  of the medullary proteoglycan (PoG)-
lim ited focal p a p illa ry  necrosis (50mg/kg po) to to ta l
/
glycosaminoglycan (GAG) in te r s t i t ia l  matrix increased dram atically 
w ith in  hours o f BEA treatment. The sta in ing was lo s t only from those 
parts o f the p a p illa  which were necrosed. A marked perturbation of the 
p a p illa ry  ground substance was confirmed biochemically by an altered 
pattern o f PoG-GAG polydispersion in urine and by loss o f S from the 
p a p illa , but not from the cortex or from extra-renal tissue.
Carbon-14 labelled BEA was synthesised. About 70% of the 
administered dose was excreted in urine, 4% as CO^ , 2% as a v o la t i le  
base, up to 11% in b ile , but only 4% in faeces. The BEA-derived 
products in urine and b ile  could each be separated in to  6-8 components. 
The b ile  products were, in general,of higher molecular weight than those 
in urine.
A model is proposed in which a primary e ffe c t on renal in te r s t i t ia l  
ce ll function or a perturbation o f the medullary PoG-GAG ground 
substance leads to necrosis and contributes to the sequelae associated 
with the lesion.
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A PACHYDERMAL PRELUDE
r
An I ’ndo-Persian fab le  te l ls  how each of s ix  b lind men encountered a 
d iffe re n t part of an elephant. One thought the ear was a fan, another tha t 
the leg was a tree , the th ird  tha t the tusk was a spear, the fou rth  f e l t  the 
trunk and concluded i t  to be a snake, the next thought tha t the beast's 
side was a wall and the la s t assumed tha t the t a i l  was a rope. Each, from 
th e ir  own b r ie f encounter and th e ir  own one-dimensional viewpoint, then 
tr ie d  to describe the en tire  elephant and its  l i f e  h is to ry .
The wise, a ll knowing (and sighted) Rajah resolved the confusion and 
explained tha t i t  was only by considering a ll of those touched parts 
together tha t the whole elephant could be perceived.
This b lind man may not yet have touched "the elephant", indeed he may
not have even heard the sounds made by the liv in g  "animal", but when one is
close to i t ,  especia lly i f  one is down wind, i t  is d i f f ic u l t  not to be
aware of the smell of an elephant!
"Science is b u il t  up o f successive solutions given to questions of ever 
increasing sublety, approaching nearer and nearer towards the very 
essence o f the phenomena". Louis Pasteur "Etudes sur la  B iere". 
From th is  and the! accumulated 'knowledge of other b lind  men we may yet move 
closer to understanding a l i t t l e  more about renal p a p illa ry  necrosis, 
toxicology and, perhaps, the kidney.
CHAPTER 1
INTRODUCTION
E hrlich 's  "magic b u lle t"  concept is the fundamental ideal towards which 
ra tiona l therapeutics has s trived ; tha t is the use of an exogenous compound 
to  cause only a desired b io log ica l e ffe c t. En route man has, however, 
created a m illia rd  o f adverse, sometimes disastrous , e ffe c ts . Modern 
toxicology is , in  the f i r s t  instance, attempting to id e n tify  these 
undesirable e ffe c ts , and thence to perceive the exact sequence o f events 
which lead up to these adverse changes at the molecular le ve l. I t  is  only 
by developing an understanding of the molecular pathogensis o f chemically- 
induced lesions tha t safe ra tiona l therapies can be devised and, more 
im portantly, tha t the r is k  of exposure to environmental xenobiotica can be 
f u l ly  assessed.
Many chemically-induced adverse e ffec ts(K err & Ward, 1977) and organ 
spe c ific  lesions have now been described Table 1.1, but i t  is less frequent 
tha t a cogent molecular pathogenesis has been documented. Necrosis o f the 
renal pa p illa  in man has been associated with the abusive consumption o f 
mixed analgesics fo r  almost 30 years. Despite these three decades the 
lesion ranks as one of the most confused areas in the annals o f modern 
tox ico logy, (see Chapter 3). I n i t ia l ly  the ae tio log ica l common 
denominator was thought to be phenacetin, as a consequence of which i t  was 
withdrawn from therapeutic usage. Most analgesic and non-steroidal a n t i­
inflammatory drugs have since been reported to have the po ten tia l to induce 
such a lesion (see 3 .2 .3 ). The broadening concept in the aetio logy 
underlying th is  lesion is re flected in the change from the term 
’"phenacetin-induced p a p illa ry  necrosis" to "analgesic associated 
nephropathy", as applied to human suffe rers.
Table 1.1. Chemically-induced organ selective damage (thought to  be 
mediated by SO* ra d ic a l) .
Chemical or drug 
Alloxan 
Adriamycin 
D ia lu ric  Acid
6-Hydroxydopamine
1,4 Napthoquinone 
2-Sulphonate 
Paraquat 
A fte r Bus & Gibson (
The reported incidence of renal p a p illa ry  necrosis varies from less 
than 0.2% (USA) up to 20% (A ustra lia ) fo r  patients undergoing autopsy, but 
the true dimensions of the problem has probably been grossly under­
estimated (see 3 .1). Analgesics continue to be fre e ly  ava ilab le , and are 
possibly abused (at one time or another) by most ind iv idua ls  who s e lf-  
prescribe them. Judging by the extent o f th e ir  use, analgesics appear to  
be regarded by the general population as the panacea fo r  most i l l s .  High 
dose analgesic abuse (non-therapeutic consumption) may be a secret 
addiction, the practice may be "acquired" by a ch ild  from an e lder, i t  may 
be associated with other psych ia tric  disturbances and, in some soc ie ties , 
i t  has even been accepted as a social grace (3 .1 .1 ). The health 
consequences are fa r  reaching. Necrosis of the renal p a p illa  in  man is
Organ or part o f organ 
Pancreatic 3-c e lls  
Cardiac ce lls  
Pancreatic g ^ce lls , 
Haemolysis of vitam in 
E d e fic ie n t erythrocytes 
Dopaminergic nerve 
terminals 
Haemolysis of 
erythrocytes.
Lung and kidney
d i f f ic u l t  to diagnose at an early  stage.' Indeed, the vague non-specific 
lower back pains which may be an early  manifestation o f the lesion are 
treated with analgesics! Destruction o f p a p illa  may lead to compromised 
renal function , recurrent bacte ria l in fe c tio n , and eventually chronic 
renal fa ilu re .  Even when compromised renal function is diagnosed the 
underlying cause may not be id e n tif ie d , because any changes in kidney 
function may be superimposed on age-related renal de te rio ra tion  and 
analgesic addiction is ra re ly  admitted. Even the most sophisticated 
diagnostic aids w i l l ,  at present, only id e n tify  extensive kidney damage 
and not the early , possibly reversib le  stages, which precede necrosis. 
This problem is fu rth e r obscured by the fa c t tha t many of the "new 
generation" non-steroidal anti-in flanm atory drugs are now prescribed, at 
high doses, fo r  long periods, to e lde rly  pa tien ts, where compromised renal 
function , and its  secondary consequences, might be overlooked or 
considered to be an acceptable or normal consequence of th e ir  years.
The role of analgesic compounds in causing the lesion and p re c ip ita tin g  
renal fa ilure is supported by the fa c t tha t patients show an improved or 
s tab ilised  renal function i f  they abstain to ta l ly  from fu rth e r analgesic 
consumption. More often, however, damage has progressed too fa r ,  or the 
addictive pattern cannot be broken, and renal function deteriorates to  
renal f a i lu r e '(3 .1 .4 ).
A large number of eas ily  id e n tif ia b le  symptoms such as recurrent 
urinary tra c t in fe c tio n , hypertension, and u ro lith ia s is  and c a lcu li are 
invariab ly  associated with diagnosed p a p illa ry  necrosis. I t  is  s t i l l  to  be 
established i f  these conditions are inev itab ly  secondary to a p a p illa ry  
lesion, but i f  (as appears to be the case) they are, i t  seems possible tha t 
a s tab ilised  and undiagnosed p a p illa ry  necrosis may underly some o f these 
easily  diagnosed c lin ic a l conditions ( i .e .  urinary tra c t in fe c tio n ,
hypertension or c a lc u li) .
The epidemiology o f renal p a p illa ry  necrosis remains confused, the f u l l  
dimensions o f the aetiology are unknown and the molecular pathogenesis is  
enigmatic. L i t t le  a ttention has been accorded to the p o s s ib ility  tha t 
drugs other than analgesics cause the lesion (Burry et a ! . ,  1977), but a 
broad array o f non-analgesic compounds are known to induce s im ila r 
pathological changes experimentally (see 3.2.3)
Attempts to produce renal p a p illa ry  necrosis experimentally in  animals 
which w il l  m irror the s itua tion  in man have, in pa rt, been successful. The 
lite ra tu re  on th is  subject is , however, contradictory and most confusing. 
One recent reviewer concluded:-
" . . . i t  is hardly conceivable th a t new animal experimentation w il l  in 
the fu tu re  bring the answer to a problem th a t seems to  be sp ec ific  fo r  
humans.. Nevertheless in  spite of past fa ilu re s  i t  is most probable tha t 
new protocols and experiments w i l l  t ry  to force human nephropathy 
a ttribu ted  to analgesics to f i t  the Procrustean bed of animal tox ico logy ." 
(Rosner, 1976)
The lesion has been induced experimentally in ra ts with s ing le  or w ith 
mixed analgesics over a period of many weeks or months. Frequently, these 
model systems appear to suffer from un identified  variab les, as a 
consequence of which the induction of the lesion is often irrep roduc ib le , 
sometimes even in the same laboratory. The in a b il i ty  to reproduce such 
lesions seems the most l ik e ly  explanation fo r  the fa ilu re  of these models to 
c la r ify  the molecular pathogenesis of th is  organ spec ific  lesion.
Another important obstacle in investiga ting  experimentally induced 
renal p a p illa ry  necrosis arises from the d i f f ic u l t y  associated with 
id e n tify in g  the lesion. None of the methods fo r  monitoring or assessing 
changes in renal function ip  vivo id e n tify  p a p illa ry  necrosis per se
unless there is  also an extensive destruction o f the medulla and secondary 
c o rtic a l changes . H istopathological id e n tif ic a tio n  of the lesion depends 
on painstakingly laborious sectioning to fin d  the p a p illa  t ip .  Failure to 
fo llo w  th is  exacting procedure may re su lt in the in a b il i ty  to  id e n tify  
p a rtia l or focal necrotic lesions. One experimental model (Hardy, 1970a,b 
and 1974) has been described where the necrosis is lim ited  to the apex o f 
the p a p illa  which subsequently sloughs o f f ,  and the remaining medulla 
stump is re -e p ith e lia lise d . Once th is  has occurred the repaired medullary 
stump could eas ily  be mistaken fo r a normal,( but pecu lia rly  shaped or 
ob lique ly sectioned) p a p illa  on routine examination.
An important d ire c t consequence of these diagnostic sh o rtfa lls  is tha t 
few in d u s tria l toxicology screening protocols include an assessment fo r  
p a p illo to x ic ity  unless the compound concerned is to be used as an analgesic 
"type" drug. Thus the spectrum of chemicals with p a p illo to x ic  po ten tia l 
remains unknown. Several workers (see Darmady & Maclver, 1980 and
McCormack et a ! . ,  1981) have continued to publish on diphenyl amine-induced 
cys tic  kidney, apparently unaware (e ithe r from the lite ra tu re  or th e ir  own 
observations) th a t th is  compound induces p a p illa ry  necrosis as the primary 
lesion and tha t c o rtic a l nephron d ila ta tio n  (cys tic  kidney) only develops 
as the secondary consequence (Hardy 1970a,b and 1974). This state o f 
ignorance on the f u l l  spectrum of chemicals w ith p a p illo to x ic  po ten tia l 
has extensive human and eco-toxicological consequences.
A number o f other chemicals have, in fa c t, been shown to produce renal
p a p illa ry  necrosis, experimentally, several with a f a i r  degree o f
re p ro d u c ib ility , and some w ith in  a matter o f days, rather than months.
Although the histopathological changes associated w ith these acutely 
induced Vesions have been described, and certa in  possible underlying 
mechanisms have been postulated, the detailed sequence of events defin ing
the molecular pathogenesis have not been established.
The investigations reported in th is  d isserta tion  were undertaken w ith 
the in ten tion  o f : -
I )  Probing the molecular pathogenesis of p a p illa ry  necrosis caused by 
a rap id ly  acting non-analgesic "model" compound, and
I I )  Trying to establish a ra tio n a l, sensitive and spec ific  approach to 
the non-invasive diagnosis of renal p a p illa ry  necrosis in  an experimental 
s itu a tio n .
- The thesis is presented in two parts. In part I (Chapters 2 to 4) the 
lite ra tu re  re la tin g  to the structure and function of the kidney, and renal 
p a p illa ry  necrosis in man and experimental models has been reviewed. 
P a rticu la r a tten tion  has been paid to the non-analgesic p a p illo to x ic  
compounds. A large number of experimental techniques have been used, and 
some methods have been applied repeatedly in d iffe re n t parts of the work. 
This, together with "evolutionary" modifications (these were adopted 
because of improved fa c i l i t ie s  or newly published work) prompted a 
separate chapter to describe the methods and the m odifications. I t  is  
hoped tha t th is  format w i l l  serve to streamline the experimental section. 
Part I I  (Chapters 5 to 7) w il l  present the experimental work and the 
inferences tha t have been drawn from these find ings, as they re la te  to both 
the acutely induced experimental lesion and as they may be re lated to the 
chron ica lly  induced analgesic lesion, and its  secondary consequences, as 
they a ffe c t experimental animals and man.
y
PART I  
CHAPTER 2
THE KIDNEY STRUCTURE AND FUNCTION
✓
An in  depth review o f kidney structure and function is  beyond the 
scope o f th is  thes is . An attempt w i l l ,  however, be made to provide a 
general background against which renal p a p illa ry  necrosis may be framed. 
A fu l le r  ins igh t in to  the complexities of the kidney in  health and 
disease can be found in authoritative works by V a ltin  (1973) and those 
edited by O rlo ff & Berliner (1973) and Brenner & Rector (1981).
The statement a ttribu ted  to Thomas Addis tha t "A ll we know fo r ce rta in  
about the Kidney is tha t i t  makes urine" (Black, 1980) is  a 
s c ie n t if ic a lly  sound epigram. Research has answered only a few o f the 
questions posed 25 years ago about the kidney - i t  has also raised more. 
Many areas o f renal research remain confused, c o n flic t in g  and 
controversial because researchers have fa ile d  to use a dichotomous 
approach to the kidney: a ll too often structure and function  have been
studied as two separate e n tit ie s . "Function seems not so much to res t on 
s tructure , as tha t each is o f the other's essence" (O live r, 1961). An 
attempt w i l l ,  therefore, be made to view the kidney in th is  l ig h t .
Mamnals have two kidneys which are situated re tro -p e r ito n e a lly , one 
on e ithe r side of the spinal cord. The kidneys "process" 25% o f the 
resting cardiac output v ia  an a r te r ia l blood supply, much o f the f lu id  
and solutes from blood are "pushed" in to  the proximal part o f the nephron 
(the functional u n it of the kidney) from which essential "n u tr ie n ts " and
: water are reabsorbed and eventually enter the veneous re tu rn . There is  
some secretion from the 'b lood1 in to  the d is ta l part o f the nephron, but 
what leaves i t  is essen tia lly  waste solutes and much of the water in 
which they are dissolved is  subsequently reabsorbed beyond the nephron.
Each kidney is made up o f a large number of nephrons, groups of which 
interconnect to continue as co llec ting  ducts or tubules and these, in 
tu rn , combine to  make up the ducts o f B e ll in i,  several o f which e x it 
around the p a p illa  t ip .  The p a p illa * 'is ' situated in the renal p e lv is , a 
funnel shaped area which narrows to the ureter. The continued production 
o f urine, together with p e ris ta ls is  of the ureter carries excreted waste 
to the bladder. Figure 2.1 shows a sa g itta l section through a ra t 
kidney, showing the morphologically id e n tif ia b le  zones. The 
morphophysiology o f the kidney varies markedly between species, 
therefore , a generalised description w i l l  be provided, and only where 
important differences ex is t between the .ra t and man w il l  they be referred 
to (Moffat, 1975).
2.1 THE RENAL BLOOD SUPPLY
Each kidney is supplied by a branch of the abdominal aorta (the renal 
a rte ries) which divides to form several in te rlo b u la r a rte rie s . These in 
turn give rise  to the arcuate a rte rie s , which run between the cortex and 
medulla p a ra lle l to the kidney surface. A large number o f in te rlo b u la r 
a rte ries arise from the arcuate vessel and pass through the cortex 
where
A) a small amount of blood reaches the surface to supply the kidney 
capsule, but
B) most of the blood flow is directed through branches which form the 
a ffe rent a rte rio les  to the glom eruli. Each a fferent a rte r io le  breaks up 
to form the c a p illa ry  plexus of the glomerulus (see 2. 2. 1) ; th is  is 
drained in to  the e ffe ren t a rte r io le . The e ffe ren t a rte rio le s  form two
Fig. 2.1. Sag itta l section through a normal 
H&E, x 9.
Cortex
Sub-cortex 
Outer medulla
Inner medulla
Papilla  t i p  
Ureter
ra t  kidney.
types o f c a p illa ry  networks:-
I)  In the "mid" and "s u p e rfic ia l"  c o rtica l regions they form the 
peritubu la r ca p illa r ie s  surrounding proximal and d is ta l tubules, (in  the 
su p e rfic ia l regions some peritubu lar ca p illa ry  networks in terlace the 
nephron from which they were derived, but such an association appears to 
be the exception rather than the ru le ).
I I )  In the juxta-m edullary region (and some m id-cortica l areas fo r  
man) each e ffe ren t a rte r io le  is directed into the medulla, where i t  
branches in to  the vasa recta bundles. Each bundle consists o f up to  30 
descending vessels, the peripheral vessels of which give r ise  to a h igh ly 
branched ca p illa ry  network in the outer medulla. The core o f the vasa 
recta bundle continues to the inner medulla where i t  terminates in a 
c a p illa ry  network. The inner medulla, although often thought to  be 
re la tiv e ly  avascular, has a c a p illa ry  volume fra c tio n  more than twice 
tha t of the cortex (Beeuwkes, 1980).
The d iffe re n t density o f the peritubu lar c a p illa r ie s  in the cortex 
and inner and outer medulla may fa c i l i ta te  the id e n tif ic a tio n  o f each 
zone. In man, but not the ra t,  some of the descending vasa recta bundles 
may be derived d ire c tly  from the arcuate or in te rlob u la r a rte rie s .
The walls o f a ll peritubu la r ca p illa r ie s  in the kidney are made up of 
a th in  fenestrated endothelium resting on a basal lamina. Generally the 
c a p illa r ie s  in the cortex open in to  the in te rlob u la r vein and thence to 
the arcuate vein e tc . ,  to the renal vein and f in a l ly  to the in fe r io r  vena 
cava. The c a p illa ry  plexuses in the medulla drain in to  the ascending 
vasa recta, which jo ins  the arcuate vein.
There is a well defined s truc tu ra l re la tionsh ip  between the vasa 
recta bundles and the nephrons in the outer medulla. A central core 
(consisting of descending and ascending vasa recta) is surrounded by a 
peripheral layer consisting o f a c losely intermingled ascending vasa
recta and the descending th in  limbs of the loops o f Henle (see 2 .3 .1 ). 
Between these bundles are the th ick  ascending limbs o f the loops o f 
Henle, some descending limbs and the co llec ting  ducts (see 2 .3 .2 ). 
Within the bundles both ascending and descending vasa recta are in 
intimate contact w ith each other (rather than the same type o f vessel). 
There are more ascending vessels, a ll o f larger diameter, than the 
descending ones, and th is  increased volume capacity re la tes to the 
removal o f excess water from the in te rs tit iu m  and the maintaing o f the 
medullary osmotic gradient (see 2 .3 .2).
Many o f the "major" and "minor" blood vessels in the kidney have 
e ithe r smooth muscle ce lls  as an in tegra l part o f th e ir  s truc tu re , or 
other ce lls  which may have a con tra c tile  function , thus most o f the 
in trarena l vascular system is interlaced by both adrenergic and 
cholinerg ic innervation. In trarena l blood flow , the factors which a lte r  
i t ,  and its  e ffects on renal function are poorly understood. Although 
there appear to be the fa c i l i t ie s  fo r  a d ire c t and e ffe c tive  perfusion o f 
the medulla from the arcuate a rte ry th is  does not seem to occur. 
(Moffat, 1975 and Beeuwkes, 1980).
2.1.1 Renal Haemodynamics
The measurement of to ta l blood flow through the kidneys can be 
measured re la tiv e ly  eas ily  using modern techniques (see Pearson, 1979 
and Grunfeld et a l. ,  1977).
Defining the zonal blood flow has given some c o n flic t in g  re su lts , but 
assessing regional blood flow w ith in  the kidney has provided a centra l 
enigma and a mammoth stumbling block to renal physio log ists. The 
techniques used to study th is  multidimensional problem are fraught w ith 
d i f f ic u l t ie s ,  and resu lts  are always subject to varied in te rp re ta tions  
(see review by Aukland, 1980; Grunfeld et a l. ,  1971 and Pearson, 1979).
There is , however, consistent data (derived from a number o f 
fundamentally d iffe re n t techniques) tov/show tha t in tra rena l blood flow  
is greatest in the cortex (80-85% of to ta l renal flow) and tha t i t  
decreases through the juxtamedullary region to less than 10% o f the to ta l 
renal flow in the medulla. A clear dual zonal perfusion was shown 
angiographically by Daniel et a l. ,  1951. Subsequently Kramer and co­
workers in 1960 (c ited  by Grunfeld et a l. ,  1971) using a photoe lectric  
monitor showed tha t Evans blue*was cleared more slowly from the medulla,
compared to the cortex. A s im ila r conclusion was reached by L i l ie n f ie ld
131et a l. (1961) who measured I- la b e lle d  albumin clearance from dog 
medulla. However, the v a lid ity  o f implanting photoelectric devices in 
the kidney has been questioned and heterologous albumin causes marked 
damage to the medulla, especia lly the p a p illa  (see 3 . 2. 2 . 3 ) .
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Thorburn et a l. (1963) monitored the clearance of Kr from the kidney
o f unanaesthetised dogs (measuring the change in X-rays ex te rna lly ) and
showed a m ulti-exponential curve which could be resolved in to  fou r
85components. Autoradiographic d is tr ib u tio n  o f the Kr suggested a
correspondence with the anatomical "compartments" of the cortex; the
inner cortex and outer medulla; the inner medulla; and perirenal and
h ila r  fa t .  S im ilar investigations by Grandchamp et a l . ,  (1971) on the
135exterio rised kidney of an anaesthetised ra t (using Xenon) also 
produced a four component exponential clearance curve and 
autoradiography revealed a s im ila r time dependant change in isotope 
d is tr ib u tio n . They estimated 82% of to ta l renal blood flow  reached the 
cortex, 12% the outer medulla, 4% the inner medulla and the res t the 
h ila r  fa t .  The " in e rt gas washout" method suffers from a number o f 
important theore tica l and p rac tica l defects (Lameire et a l . ,  1977 and 
Pearson, 1979), but is s t i l l  widely used.
The in tra -rena l d is tr ib u tio n  o f synthetic radio labelled microspheres
(reviewed by Lame ire  et a l. ,  1977) has been used over the la s t decade to 
assess blood flow  w ith in  the kidney. Most microspheres were found in the 
su p e rfic ia l areas of the cortex, and the 10% trapped in the e ffe ren t 
a rte rio les  o f the juxtamedullary glomeruli o f the dog are assumed to 
represent the blood flow to th e ir  medulla (Stein et a l. ,  1971).
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More recently , Rosivall et a l . ,  1979 used Tc-labelled erythrocytes 
to measure the preglomerular blood d is tr ib u tio n  w ith in  the kidney 
simultaneously with the d is tr ib u tio n  o f Rb as a measure o f 
postglomerular perfusion o f the in te rs tit iu m . Their data concurred with 
the results from both the in e rt gas washout and microsphere techniques at 
low to ta l renal blood flow rates and in addition, showed an intra-organ 
shunt when to ta l renal blood flow  was increased. Under th is  condition 
they found a decreased sup e rfic ia l c o rtica l perfusion (by about 10%) and 
a commensurate increased medulla blood flow . Stein and co-workers 
(Stern et a l. ,  1979) have applied- laser-Doppler spectroscopy to 
measuring regional renal blood flow and factors a ffec ting  i t .  Their data 
suggests that blood flow  w ith in  both the cortex and medulla have s im ila r 
auto-regulatory responses to pressure changes and tha t less than 10% of 
the to ta l renal flow perfuses the medulla.
I t  must be stressed tha t although the medulla is poorly perfused in 
comparison to the rest o f the kidney i t  is ,  nonetheless (because of the 
abundant renal blood flo w ), a well perfused tissue per se. According to  
Thurau (1964) the medullary blood flow is about 15 times tha t o f resting  
muscle and the same as the brain! In addition, its  c a p illa ry  volume 
fra c tio n  o f the medulla is more than twice tha t of the renal cortex 
(Beeuwkes, 1980).
2.2 THE NEPHRON
The nephron is the functional u n it o f the kidney and consists o f a 
continuous tube of h igh ly specialised c e lls , which show sub­
specia lisa tion  along i ts  length and between nephrons. There are marked 
s truc tu ra l (Fig. 2.2) and functional differences between the nephrons
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aris ing  in  the cortex and those aris ing  in the juxtamedullary regions 
(see 2 .2 .1 ). The to ta l number o f nephrons varies between d iffe re n t 
species and w ith in  any one species as a function of age. Figure 2.2 
shows a schematic representation o f the two major types o f nephrons. The 
macroscopic d iffe re n tia tio n  o f the kidney in to  d is t in c t zones arises not 
only from the regional vascu la rity  (2 . 1), but also from the way d if fe re n t 
functional parts o f the nephron are arranged w ith in  the kidney.
A more detailed account o f the u ltras truc tu re  of the m orphologically 
definable regions o f the nephron and th e ir  functiona l in te r-re la tio n s h ip  
is given by Lovell-Becker, 1968; Moffat 1975, 1981, 1982; Bohman,
1980 and Maunsbach et a l. ,  1980 and references cited there in .
2.2.1 The Glomeruli 
The glomeruli (more co rre c tly  called tjie renal corpuscles or Malpighian 
bodies) forms the apex o f the nephron and functions as a re la t iv e ly  
poorly se lective macro-molecular exclusion f i l t e r  to the hydrosta tic 
pressure of the blood. The number of glomeruli can, in  general, be 
related to the mass o f the species, and the size of each glomerulus 
depends, among other fac to rs , on the environmental water balance, and i t  
increases with age.
Two anatomically d is t in c t types of glomeruli can be id e n tif ie d : 
those aris ing in the cortex are part of the sup e rfic ia l nephron, while 
those o f juxtamedullary o r ig in  continue as a nephron which loops down 
in to  the medulla (Fig. 2 .2).
The structure o f the glomerulus is  complex and has only been c le a r ly  
defined using scanning and transmission electron microscopy (Moffat 
1981, 1982 and Maunsbach et a l. ,  1980).
The glomerular " tu f t "  is  made up o f a number o f c a p illa ry  branches
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Fig. 2.2 Schematic representation o f the "c o rtic a l"  and the _ 
juxtamedullary nephrons in  re la tio n  to the s ite  they occupy w ith in  i 
the d iffe re n t morphological zones o f the kidney (From M offat, 1975, 
with permission).
tha t arise from the a ffe ren t a rte r io le  and anastomose to the e ffe ren t 
a rte r io le . There are also communicating vessels between the branch
i
c a p illa r ie s . The fenestrated endothelium can not prevent plasma 
molecules from leaving i t ,  but a negatively charged c e ll coat may impart 
some selective perm eability.
The c a p illa r ie s  are in d ire c t contact with the glomerular basement 
membrane (or basal lamina) which when viewed electron m icrographically 
can be divided in to three layers - outermost the lamina rara in terna, the 
central lamina densa and the lamina rara externa which is  in d ire c t 
contact with the e p ith e lia l ce lls  (the podocytes). There now seems 
l i t t l e  doubt tha t the basal lamina contains collagen and s ia lic  acid and 
is  rich  in glycosaminoglycans, mainly heparan sulphate (Kanwar & 
Farquhar, 1979), which provides a strongly anionic macromolecularj
f i l t r a t io n  ba rrie r (see 2.3 .4 .4 ).
The c a p illa ry  tu f t  (ensheathed in its  basal lamina) is surrounded by a 
number o f podocytes and each gives rise  to several primary processes, 
which in turn give r ise  to secondary processes, and f in a l ly  to numerous 
te r t ia ry  foo t processes which are embedded in the lamina rara externa. 
The foot processes of one podocyte in te rd ig ita te  with those of an 
adjacent e p ith e lia l c e ll.  The surface of the podocytes are also covered 
by a strongly anionic material which extends to the spaces between the 
foo t processes. I t  is through these spaces tha t the glomerular f i l t r a t e  
reaches the lumen of the nephron via the Bowman's capsule. Thus the 
podocyte provides a s tructu ra l support fo r  the basal lamina and may also 
serve to provide additional anionic forces to the process of b io log ica l 
u l t r a - f i l t r a t io n .  I t  has been suggested tha t podocytes may have 
phagocytic properties and undergo contraction (see Moffat 1981).
The axia l regions o f each glomeruli contain mesangial ce lls  in close 
association with several podoctyes. Information on the structure  and
possible functions o f mesangial ce lls  has been reviewed by M offat, 1981. 
In b r ie f they are thought to undergo contraction and may thus contro l 
glomerular blood flow  v ia  biogenic amine or hormonal co n tro l. Of equal 
importance is the observation tha t these ce lls  take up large molecules 
(such as co llo id s , immune complexes and protein aggregates) which may 
eventually be disposed o f v ia  the renal lymphatic system.
The driv ing  force o f f i l t r a t io n  is provided by the glomerular c a p illa ry  
hydrostatic pressure (which is contro lled mainly by the vascular tone o f 
the a ffe rent and e ffe rent a rte r io le s , see 2. 1), minus both the plasma 
oncotic pressure and the hydrostatic pressure in the Bowman's capsule. 
The resu lting  "e ffe c tive  f i l t r a t io n  pressure" across basal lamina is 
about 10 to 15 mm Hg.
Selective f i l t r a t io n  is achieved, in pa rt, because o f the anionic 
nature of the basement membrane which blocks or slows the passage of 
negatively changed or neutral macromolecules, leaving those carrying a 
ca tion ic charge and small molecules (irrespective  of charge) to  pass 
unimpeded.
2.2.2 The Proximal Tubule
The proximal tubule is found only in the cortex or sub-co rtica l zones 
of the kidney. Anatomically each proximal tubule can be divided in to  the 
convoluted portion (pars convoluta), and the shorter s tra ig h t descending 
portion of what remains (the pars rec ta ), which then continues to  become 
the descending limb of the loop of Henle (Fig. 2 .2).
The proximal tubule plays a decisive ro le  in maintaining homeostasis. 
Explained in its  most s im p lis tic  form th is  is achieved when sodium and 
chloride ions f lu x  from the tubule lumen to the peritubu la r c a p illa r ie s  
under the contro l o f a number o f processes such as non-specific e le c tro - 
physiological gradients and se lective active transport mechanisms.
Water fo llows the ions by "solvent drag" and, in add ition , hydrostatic 
pressure (a ttr ib u ta b le  to the presence of both proteins and 
glycosaminoglycans, Wolgast et a l. ,  1973) contributes to  water movement 
from the e p ith e lia l ce ll to the in te rs tit iu m  and thence, by an oncotic 
gradient, in to  the c a p illa r ie s  (V a ltin ,x 1973). The f lu x  of ions w ith in  
the proximal tubule including the absorption and secretion of HCO^  and
H+, and the "lumen trapping" o f NH^  controls renal acid-base regulation
*
(V a ltin , 1973).
Those proteins which have passed from the Bowman's capsule (a
s ig n ifica n t amount o f albumin in the case of normal ra ts , Moffat, 1975)
are reabsorbed in  the proximal tubule. Consensus supports the
p inocyto tic  removal of proteins from the base of the m ic ro -v il l i  brush
boarder in to the e p ith e lia l c e lls . The vesicles thus formed combine,
form p ro te in - f il le d  vacuoles and these fuse with lysosomes; from which
the digestion products o f the protein most l ik e ly  d iffu se , eventually,
#
to the ca p illa ry  system. »'
There are, in add ition, a multitude of other absorptive and secretory 
mechanisms. These include the active process which reabsorb glucose, 
and the secretion of both acid ic and basic organic compounds (V a ltin , 
1973; O rlo ff & B erline r, 1973 and Brenner & Rector, 1981).
2.2.3. The D ista l Tubule
The d is ta l tubule connects the th ick ascending limb of the loop of 
Henle to tha t part o f the co llec ting  ducts which o rig ina te  in the cortex. 
The d is ta l tubules are involved in both ion and water reabsorption, but 
play a much less s ig n ifica n t ro le  than tha t occupied by the proximal 
tubules. The underlying mechanisms responsible fo r  reabsorption appear, 
in essence, to be s im ila r to those already outlined (2 .2 .2 ). The major 
differences include a stronger Na+ gradient against which to "pump", the 
a b i l i t y  to reabsorb sodium without reabsorbing water, the co n tro llin g
e ffects  o f a n ti-d iu re tic  hormone (see 2.3.3) and aldosterone (among 
other mediators) and there is very ( l i t t l e ,  i f  any, reabsorption o f 
prote in .
The secretion o f potassium ions appears to be under the control o f an 
active transport mechanism the regulating factors o f which are many and 
complex (V a ltin , 1973; O rlo ff & B erline r, 1973 and Brenner & Rector, 
1981).
2.3 THE MEDULLA
The medulla d if fe rs  from the cortex (Fig. 2.1 and Fig. 2.2) at the 
macroscpic and at the microscopic leve ls. This region can be divided 
in to :-
A) The outer medulla, which is made up of the th in  descending and the 
th ick  ascending limbs of the loops of Henle, co llec ting  ducts, the vasa 
recta and a dense c a p illa ry  network, 'and
B) The inner medulla, the free part of which is referred to  as the 
p a p illa * , although some workers apply tha t name only to the apex o f th is  
region. The two terms w il l  be used synonomously in th is  thes is . The 
inner medulla contains the th in  limbs of the loops o f Henle, co lle c tin g  
ducts, the vasa recta and a d iffuse  network of c a p illa r ie s . Packed in to  
the spaces between these structures are in te r s t i t ia l  ce lls  embedded in  a 
matrix r ich  in glycosaminoglycans (see 2.3.3 and 2 .3 .4 .4 ).
The co llec ting  ducts terminates as the ducts of B e lin i around the t ip  
o f the p a p illa  .
Whereas the mouse, g e rb il, ra t,  guinea p ig , ra b b it, dog, cat and 
primate kidney has only a single p a p illa ^ , the pig and man have 
m ultipapiHated kidneys. There are between 9 and 20 p a p illa  in  each 
human kidney (Burry et a l. ,  1977) where there are two anatom ically 
d istinguishable types:-
I )  The non-ref luxing pap ina  wnere tne surTaue u rn  ncs ui uic uu^ j 
o f  B e ll in i are s l i t - l i k e .  These close when there is  an increase in the 
'back-pressure' o f urine from the bladder and so prevent vesico-^ureteric 
re flu x . These papillae occur predominantly in the mid zone.
I I )  The 're f lu x in g ' p a p illa  occurs predominantly in  the polar regions 
as wide o r if ic e s  which are prone to retrograde flow of urine in to  the 
tubules during ves ico-ure teric  re flu x  (Ransley & Risdon, 1979).
The microscopic and u ltra s tru c tu ra l features of the medulla have been 
described by several workers in the f ie ld  (see M offat, 1975, 1981, 1982; 
Maunsbach et a l. ,  1980 and Bohman, 1980 fo r  references).
2.3.1 The Loops o f Henle and Collecting Ducts
Two anatomical populations of loops of Henle may be id e n tif ie d , those 
aris ing  from:
A) The su pe rfic ia l (or c o r tic a l)  glom eruli. These have short loops 
which penetrate no fu rth e r than the outer medulla. The proximal tubule 
and th ick  ascending limb are c lose ly associated in the cortex, but in the 
medulla the descending limb is in tim ate ly  related to the ascending vasa 
recta and the ascending limb to the co llec ting  duct.
The association between the proximal tubule and ascending loop o f 
Henle and the limb with vascular systems or with the co lle c tin g  ducts 
provides a multi-dimensional net work in which solutes or water may 
undergo countercurrent exchange. These exchanges may e ithe r provide a 
shut which excludes selected solutes (and water) from the inner medulla 
or, a lte rn a tiv e ly , solutes (e.g. NaCl and urea) may be trapped in th is  
zone. This exclusion o f water and trapping of NaCl and urea helps 
maintain the osmotic gradient across the inner medulla (see below 
2 .3 .2).
B) The subcortica l (juxtamedullary) glom eruli. These have long loops 
(the length is proportional to the renal concentrating p o te n tia l) and
only about a th ird  o f ascending and descending limbs l ie  together; in  the 
other instances the ascending limbs are nearer to co lle c ting  ducts than
- : i
to descending limbs.
2.3.2 The Counter Current M u ltip lie r  System and Urine Concentration
Less than 1% of the glomerular f i l t r a te  leaves the kidney as urine 
(unless there is a state o f d iu res is ), the remainder having been 
reabsorbed. The concentration o f urine is complex, and depends (at least 
in part) on the countercurrent m u ltip lie r  system which establishes a 
steep osmotic gradient across the inner medulla. The high osm olality is  
a consequence o f the d if fe re n t ia t ia l permeability o f the limbs of the 
loops of Henle and the co llec ting  ducts to water and ions. The ascending 
limb is thought to have an active transport mechanism which pumps sodium 
out of the lumen and in to  the in te rs tit iu m , but remains impermeable to
water. As a consequence the osm olality decreases in th is  part of the
tubule. The descending limb, on the other hand,, is  fre e ly  permeable to  
water, but not sodium ions. The high ion concentration in the 
in te rs tit iu m  would draw water out of the descending limb, increasing the 
osm olality towards the turn of the U-loop. This is  probably augmented by 
urea which leaves the co llec ting  ducts, and enters the descending limb 
v ia  the in te rs tit iu m . The co lle c tin g  ducts regulate the f in a l urine 
concentration by co n tro lling  the amount of water tha t is reabsorbed. The 
passage of water out o f the tubules is thought to be mediated la rge ly  by 
cAMP, the synthesis o f which is stimulated by a n ti-d iu re tic  hormone 
(ADH) which increases the perm eability of the luminal c e ll membrane to 
water (see 2.3.4.3 and 2 .3 .4 .4 ). Hydrostatic pressure forces the water
out o f the ce ll (through the basement membrane) in to  the hyperosmotic
in te rs tit iu m . In the absence o f ADH the co llec ting  duct is thought to  be 
impermeable and no water is reabsorbed from i t .
The in te r s t i t ia l  osmotic.gradient is assumed to be maintained by the
e ffe c tive  removal of water v ia  tne ascending vasa recta, which nave 
a greater radius than the descending vasa recta and are about twice as 
numerous. The counter current exchange associated with the loops of 
Henle aris ing from c o rtica l glomeruli (2.3.1 A) o ffe rs  an important 
"b a rr ie r"  zone which is thought to fa c i l i ta te  solute trapping in and 
solvent exclusion from the inner medulla, and thus helps to maintain the 
hyper-osmolality in th is  "compartment".
There are a number of other factors which con tro l, a lte r  or contribute 
to urine concentration. Medullary blood flow  is complex (as are the 
factors co n tro llin g  i t ,  2 .1 .1 ). Increased blood flow  rates w i l l  
decrease the e ffic ien cy  of counter-current exchange in the outer 
medulla, as .a consequence of which the high osmotic gradient in the inner 
medullary compartment w il l  be 'washed ou t1; and urine w il l  not be 
concentrated. Diuresis is associated with increased blood flow  
rates(Early & F ried le r, 1964, 1965 and Chuang et a l. ,  1978).
A unique feature of the vasa recta is i ts  perm eability to  
macromolecules, as a consequence of which the medulla contains a large 
pool of albumin. The factors con tro lling  the rapid turnover o f th is  
mi 1ieu are poorly understood. I t  is generally assumed tha t (together 
with the glycosaminoglycans, see 2.3.4.4) these proteins provide an 
in te r s t i t ia l  oncotic pressure which fa c il i ta te s  water reabsorption (see 
Brenner & Rector, 1981 fo r  a fu l le r  discussion and l i s t  o f references).
2.3.3 The In te r s t i t ia l  Cells
In te r s t i t ia l  ce lls  occurs in most organs. There are three types o f 
in te rs t i t ia l^ c e lls  described in the kidney (Bohman, 1980). Cell types 2 
and 3 are sparsely d is tribu ted  and are often overlooked between the 
tubules, ducts and blood vessels. In the inner medulla, however, 
"Type 1" ce lls  are numerous and especia lly prominent, because they are
set in a dense matrix o f glycosaminoglycans (previously referred to as 
mucopolysaccharides or acidic mucopolysaccharides, (see 2 .3 .4 .4 ).
2.3.3.1 Medullary in te r s t i t ia l  c e lls . These ce lls  have been
described by Abrahams, 1964; Osvaldo & Latta, 1966; Moffat, 1975, 1981, 
1982; Bohman, 1980 and Maunsbach et a l. ,  1980.
The number o f ce lls  and the amount of matrix substance occupies 10 to  
20% of the tissue volume in the outer medulla; and increases to 40% near 
the apex o f the inner medulla (Bohman, 1980). The c e lls , which are 
arranged in a regular pattern perpendicular to the tubules and vessels, 
are irre g u la r in shape with many long slender processes. These come in to  
close contact with adjacent in te r s t i t ia l  c e lls , ca p illa r ie s  and the 
limbs of the loop of Henle, but there is no such re la tionsh ip  with the 
co llec ting  ducts. The shape of in te r s t i t ia l  ce lls  becomes more regular 
towards the p a p illa  t ip ,  where they are round.
One o f the most cha rac te ris tic  features associated with these "Type 
1" ce lls  are the lip id  inclusion droplets, which occupy at least 2-4% o f 
the to ta l ce ll volume. The l ip id  content is la rge ly  tr ig ly c e rid e s , w ith 
variable amounts o f cholesterol esters and phospholipids (see 2.3 .4 .2 ). 
A number o f conditions have been described where there are marked changes 
in the size and number of l ip id  droplets ( fo r  example, there is  a 
decrease in the number of droplets in experimentally-induced 
hypertension). The state of hydration and indomethacin treatment have 
given co n flic tin g  results  with respect to the number and size o f 
droplets. The pathophysiological s ignificance of these changes is  
d i f f ic u l t  to in te rp re t because of varied experimental approaches, 
species va ria tion  and contradictory reports. The data is reviewed by 
Bohman (1980).
2.3.3.2 Function o f medullary in te r s t i t ia l  c e lls . The b io log ica l ro les 
played by these ce lls  remain uncertain. Several possible functions have 
been suggested such as a phagocytic m o b ility  w ith in  the medulla and 
physica lly  supporting the loop of Henle and blood vessels. They might 
also play a ro le  in regulating homeostasis via various types of receptors 
and could, fo r  example, monitor the contents of the loop and secrete 
e ffec to r substances in to  the blood (see below).
I t  has been argued tha t the contents o f the in te r s t i t ia l  l ip id  
droplets are too specialised to be used as a metabolic energy store 
(Bohman, 1980), although th is  droplet population undergoes marked and 
rapid change during the short periods that precede various 
pathophysiological conditions.
The in te r s t i t ia l  ce lls  appear to produce the ground substance matrix 
which surrounds them. The ro le  of renal glycosaminoglycans is discussed 
in de ta il below, see section 2.3.4.4*. *
Early evidence tha t the in te r s t i t ia l  ce lls  of the renal medulla were 
only a h igh ly specialised prostaglandin (PG) - producing c e ll type has 
become equivocal. The in te r s t i t ia l  l ip id  droplets do not, in  fa c t , ,  
provide the sole source of arachidonic acid fo r  prostaglandin synthesis, 
and only 50% o f the medullary capacity to synthesise PG is  confined to 
the in te r s t i t ia l  c e lls ; the rest is in the co llec ting  ducts (Bohman, 
1980). The significance of PG synthesis (see 2.3.4.3 below) in the 
medullary ce lls  cannot, however, be overlooked as i t  may play an 
important ro le  in modulating blood pressure and other renal functions 
and i t  has been suggested to occupy a central pos ition  in  the 
pathogenesis o f renal p a p illa ry  necrosis (see 3 .2 .5 .3 ).
In recent years the importance o f the endocrine function  o f the 
medullary in te r s t i t ia l  ce lls  in regulating blood pressure has been 
highlighted by several workers (see the monograph edited by Mandal &
Bohman, 1980). An in depth consideration of th is  top ic  is beyond the 
scope of th is  thes is , but su ffice  i t ' t o s a y  tha t three d iffe re n t groups 
of vaso-active compounds have now been isolated from the medulla or 
cultured in te r s t i t ia l  c e lls . The are:-
a) PGE2 and PQA2
b)anti-hypertensive "polar" renomedullary l ip id ,  and
c)anti-hypertensive "neutra l" renomedullary l ip id .  
Experimentally-induced, spontaneously-occurring and pa tho log ica lly -
prec ip ita ted  hypertensive states have been reversed by ‘subcutaneous 
transplants o f renal p a p illa ry  fragments and by cultured in te r s t i t ia l
c e lls . In addition, the systemic administration o f both the polar and
/
the neutral renomedullary lip id s  reduce a r te r ia l blood pressure (see 
Muirhead & Pitcock, 1980 and references cited the re in ). S im ila r ly , the 
absence of renal medullary in te r s t i t ia l  ce lls  predispose to hypertension 
(see Chapter 7).
2.3.4 Biochemistry and Metabolism in the Medulla
The kidney o ffe rs  an ^mbroglious puzzle o f s tru c tu ra l, functional and 
metabolic heterogeneity. Guder & Ross (1980) have h ighlighted the 
biochemical aspects of ' heterogeneite des nephrons' as opposed to  
' heterogeneite du , nephron' in the introductory remarks to a recent 
symposium which related to the biochemistry o f the cortex. The medulla 
poses s im ila r b io log ica l problems. Much of the published data has been 
derived from whole medulla or medullary s lice s , and thus s t i l l  f a i ls  to  
d iffe re n tia te  between the metabolic contribution from the nephrons 
(loops of Henle), as opposed to the co llec ting  duct e p ith e lia , versus the 
in te r s t i t ia l  c e lls .
2.3.4.1 Carbohydrate metabolism in the medulla. The metabolism o f 
carbohydrate in the renal medulla has been reviewed by Cohen (1979).
Some early  observations (see Cohen, 1979. fo r  references) suggested tha t
the low oxygen tension in the inner medulla (a p02 as low as 5 to  15mm Hg
■ . ' ■ 
compared to 75mm Hg in the cortex) would necessitate anaerobic
metabolism. However, aerobic metabolism is only lim ited  at an 02
a v a ila b il i ty  o f less than 1mm Hg. This, together with recent metabolic
studies, suggests tha t g lyco lysis in the inner medulla is not obliged to
be anaerobic. Indeed, glucose and other substrates are oxidised to C02,
despite the ( re la tiv e ly )  small number of mitochondria. The energy so
generated is u tilis e d  fo r tubular transport processes and, presumably,
other synthetic metabolism.
A ll investigations have used medulla s lices or homogenates, thus the 
exact contribu tion  of the d iffe re n t ce ll types in the inner medulla to  
functional energy dynamics and the changes tha t underly, fo r  example, 
d iuresis or a n ti-d iu re s is , have yet to be related to the phosphorylation 
and redox states w ith in  these ind iv idua l ce ll types. U n til these 
investigations have been undertaken the ro le  of altered intermediate 
metabolism must remain a matter fo r speculation.
Carbohydrates are stored in the medulla as e ithe r glycogen or as 
glycosaminoglycan, the former in co llec ting  ducts and e p ith e lia  and the 
la t te r  as an important constituent of the in te r s t i t ia l  ground substance. 
There is evidence to suggest tha t e ithe r can be mobilised to provide an 
energy source or the glucose un its fo r  the synthesis o f the other 
macromolecular carbohydrates (Darnton, 1967, 1969a,b).
2.3.4.2 Lipogenesis in the renal medulla. The numerous l ip id  droplets 
in the in te r s t i t ia l  ce lls  (2.3 .3 .1) have been found to contain traces of 
cholesterol esters, a few percent o f phospholipids, mainly 
phosphatidylcholine and, ra re ly , trace amounts of phosphatidyl- 
ethanolamine). A few percent o f free fa t ty  acids and tr i-a c y lg ly c e ro ls
:* make up the remaining 80-90%; the composition o f which varifes in
d iffe re n t species and is shown fo r  the ra t in Table 2.1. The most 
s tr ik in g  features are the varied types and large amounts o f unsaturated 
fa t ty  acids; most notably those of 20 or more carbon atoms such as 
arachidonic acid and especia lly adrenic acid. The large amount of
arachidonic acid suggests tha t the in te r s t i t ia l  l ip id  droplets may be an
important pool fo r  PG synthesis (see 2.3.4.3) in the kidney (Bojesen,
1974, 1980a)
Using ra t kidney medulla s lices and eviscerated anaesthetised ra ts 
Bojesen et a l. (1976) and Bojesen (1980a) have shown tha t [ l - * 4Cl acetate 
was incorporated in to tr i-a c y lg ly c e ro ls  and phospholipids (only a few 
percent was found in free fa t ty  acids) where adrenic acid (docosa-7,10, 
13,16-tetraenoic acid) accounted fo r 40% of the tr i-a c y lg ly c e ro l and 20% 
o f the phospholipid fa t ty  • acids. * Acetate was incorporated in to  
m yris tic , pa lm itic , s tea ric  and adrenic acids, but only m yris tic  and 
pa lm itic  acids were synthesised de novo. Fatty acids w ith 18 or more 
carbon atoms were found to be labelled predominantly on the carboxyl 
group, suggesting chain elongation of some prevalent fa t ty  acid, such as 
arachidonic to adrenic acid. Label was, however, absent from 
arachidonic acid suggesting tha t i t  was not synthesised from lin o le ic  
acid in th is  tissue (see 2.3 .4 .3 ).
Radiolabelled glucose has also been shown to be a lipogenic precursor 
(Bojesen, 1980a, b) which provided 70% and 80% of the g lycero l backbone
to renal in te r s t i t ia l  tr ia c y lg ly c e ro l and phospholipids respective ly .
14The remaining C a c t iv ity  was found in the bound fa t ty  acids, w ith 40 to  
60% in saturated molecules and most of the remainder in adrenic acid, as
Table 2.1 Fatty acid composition o f the medullary in te r s t i t ia l  
5 cel 1 1 i pi d i ncl us ion bodies i solated from papi VI ary 
s lices and plasma tr i-a cy lg ly ce ro ls  in  the ra t ]
Saturated fa t ty  acids
Percentage 
Medullary 
In te rs ti t ia l  
Cells
Percentage
Plasma
M yris tic  acid (14:0)a A cn < 5%
Palm itic acid (16:0) V I 5% ^30%
Stearic acid (18:0) * 1 5 2
Arachidic acid (20:0) < 5%
Unsaturated fa t ty  acid
Palm ito le ic (16:1) < 5%
Oleic (18:1) V I 5% ■v-30%
Lino le ic (18:2) V 5 %
Linolenic (18:3) A cn ^ 5%
c is -ll-e ico se n o ic  \ 
acidb (20: 1) < 5%
cis-11,14^eicosa- j 
dienoic acidb ! (20: 2) ■ ■ < 5%
Homo-y-linolenic acid (20:3) -v 5%
Arachidonic acid (20:4) ^15%
Adrenic acid (22:4) ^15%
aFatty acids are lis te d  in the form o f t r iv ia l names (where these 
are established) and carbon number and number o f double bonds in  
parenthesis.
^N on-triv ia l name
A fte r data published by Bojesen (1974 and 11980a,bj
was the case fo r  acetate lipogenesis] This suggested tha t both glucose 
and acetate shared a common acetyl CoA pool from which lipogenesis 
proceeds. Glucose also contributed more to fa t ty  acid chain elongation 
than to de_noyo synthesis, but, in common with acetate, no labelled 
arachidonic acid was formed.
Bojesen (1980 a,b) also estimated the rate of renewal o f the 
d iffe re n t fa t ty  acids in to phospholipids and tr i-a c y lg ly c e ro ls , and 
concluded tha t the hyd ro ly tic  release of fa t ty  acids and th e ir  
re incorporation (a fte r de novo synthesis or chain elongation) in to  
g lyce ro lip ids  e ithe r phospholipid or tr i-a c y lg ly c e ro l)  was rapid enough 
to account fo r  pathophysiological changes in the number and size of l ip id  
droplets. Bojesen (1980b) estimated a h a l f - l i f e  of 25h fo r  membrane 
phospholipids and l lh  fo r  l ip id  droplet tr i-a c y lg ly c e ro ls .
The spectrum o f fa t ty  acid synthesis varied in v it ro  (medulla s lice s ) 
compared to the in vivo (anaesthetised, eviscerated ra t) s itu a tio n , 
probably due to the contribution of plasma free fa t ty  acids as substrates 
fo r  chain elongation (Bojesen 1976, 1980a,b).
An increased osm olality ( in v i t r o ) depressed lipogenesis overa ll from 
both acetate and glucose and also altered the d is tr ib u tio n  of 
incorporated label from glucose, providing more to the g lycerol backbone 
and proportionate ly less to the fa t ty  acids (Bojesen, 1980a,b,c).
Short term (4 day d ie ta ry  loading with l in o le ic  acid had pronounced 
e ffects  on plasma fa t ty  acids, but caused only a s lig h t change in the 
p a p illa ry  tr i-a c y lg ly c e ro l fa t ty  acids. Long term (12 week) feeding 
s im ila r ly  fa ile d  to poduce dramatic changes in the p a p illa ry  l ip id s .  
Bojesen, 1980b suggested tha t the fa t ty  acid p ro file  of the renal p a p illa
was species- and tissu e -sp e c ific  rather
■ \  . 31 .
2.3.4.3 The biochemistry o f renal lprostaqlandins (PG) The PG and 
endoperoxides are a group of ubiquitously d is tribu ted  hormones with a 
broad .spectrum o f potent b io log ica l a c t iv ity  tha t shows marked receptor 
s p e c if ic ity . They are synthesised (Fig 2.3) from the C20:4 fa t ty  acid 
arachidonic acid, by an enzyme system (which includes cyclo-oxygenases, 
peroxidases, isomerases and reductases) c o lle c tiv e ly  called PG 
synthetase.
The PG are s tru c tu ra lly  s im ila r, several are la b ile  and undergo 
spontaneous chemical changes, and they are only present in minute 
concentrations. Thus most of the methods (both q u a lita tive  and 
quan tita tive ) needed fo r  th e ir  biochemical investigations are fraught 
with subtle p i t fa l ls  (Fro lich & Walker, 1980).
The lite ra tu re  on renal PG biology is vast and complex, much of i t  is  
contradictory and i t  is d i f f ic u l t  to in te rp re t. The f ie ld  has been 
reviewed recently by Dunn & Hood (1977), Dunn & Zambraski (1980), 
Morrison (1980), Welser (1980) Zusman (1980), Dunn (1981) and a recent 
conference devoted to the topic is edited by F ro lich  et a l. (1981).
PGs are not stored in renal tissue, but synthesised de novo from 
arachidonic acid which is released from stored phospholipid or 
tr ig ly c e rid e  pools by the action of phospholipase The factors which 
modulate the release of arachidonic acid include both receptor mediated 
responses (such as vasoactive peptides and biogenic amines), and non­
spec ific  s tim u li (ischaemia), the prostaglandin precursor may be drawn 
from d iffe re n t l ip id  pools. Any arachidonate which is not channelled 
in to  prostaglandin synthesis may be re-acylated (as are the de novo
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synthesised molecules) or disposed of v ia  several other metabolic routes 
(see 2 .3 .4 .2 ). Arachidonic acid (the a v a ila b il ity  o f which is rate 
lim it in g )  is converted to prostaglandin ^  and thence to other 
prostaglandin related substances (Fig. 2 .3).
The anatomically id e n tif ia b le  areas of the kidney, a ll synthesise a 
d iffe re n t pattern of prostaglandins in v it ro  (Table 2 .2 ). The in vivo 
contributions o f each area to prostaglandin synthesis and the function 
of each prostaglandin remains la rge ly a matter of educated speculation 
at present. Total prostaglandin synthesis is several times higher in the 
medulla (where ty p ic a lly  i t  is greater in the p a p illa ) than in the cortex 
(Dunn & Hood 1977). However, the d is tr ib u tio n  o f, fo r  example PGE£ 
synthesis re fle c ts  a more complex p ic tu re , its  concentration being lower 
in the pa p illa  than the rest o f the inner medulla (van Dorp, 1971). 
Furthermore, there are marked sex related differences in the e ffec ts  o f 
cofactors on medullary PG synthetase a c t iv ity  (H irafugi et a l. ,  1980). 
Some PGs break down spontaneously (e.g. PG^ to 6-keto-PGF^a ), but the 
m ajority  are m etabolically degraded (Morrison, 1980). The enzymic 
conversions are mediated by a number of enzymes, including 
dehydrogenases, reductases, and $-and w-oxidases. The enzymes which 
degrade prostaglandins are located mainly in the cortex, but there are 
species differences in corticomedullary ra tio  o f these enzymic 
a c t iv it ie s , (Powell, 1980).
The factors regulating the biosynthesis of each type o f PG are only 
poorly defined (Horrobin, 1980). A large number o f endogenous and 
exogenous substances have been reported to a lte r  renal PG synthesis 
(Table 2.3) and several pathophysiological conditions have been 
described in which renal PG synthesis is increased. Most a tten tion  has 
been focussed on the in h ib it io n  e ffects of the anti-inflam m atory drugs. 
The stero ida l compounds (e.g. corticoste ro ids) prevent the release of
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Table 2.3 Exogenous and endogenous substances modulating the 
synthesis o f renal PG.
Substances Stimulating PG Synthesis
- Peptides
* '■ ! - 
Angiotensin I I ,  Bradykinin, A n ti-d iu re tic  hormone, i
- Diseases
Ishaemia, U nila tera l ureteral obstruction,
C irrhosis with ascites.
- Other:-
Catacholamines, Furosemide
Substances in h ib it in g  PG Synthesis.
- Covalent binding to cyclo-oxygenase
Acetyl s a lic y lic  acid, S a lic y lic  acid 
Phenacetin,
(A c tiv ity  inh ib ite d  fo r  24 to 48 hours)
- Reversible binding
Non-steroidal anti-inflammatory drugs e.g.
Indomethacin, Meclofenamate,
Phenylbutazone, Fenoprofen 
Paracetamol
(A c tiv ity  inh ib ite d  fo r  8 to 24 hours)
A fte r Dunn & Zambraski (1980)
arachidonic acid from its  l ip id  pools, and the non-steroidal products 
(e.g. Indomethacin1) in h ib it  cyclo-oxygenase. I t  is , however, essential 
to be aware that any fac to r which perturbates PG synthesis may act 
d if fe re n t ly  at d iffe re n t s ites in the synthetic (or degradative) 
pathway.
Indomethacin (one of the most extensively studied cyclo-oxygenase 
in h ib ito rs )  produces several a lte ra tions in renal PG dynamics (Table 
2 .4). Uncertainties in defin ing PG "re la ted" pathophysiological changes 
are compounded by the recent observation (A tta llah  & S tahl, 1980) tha t 
PGE2 synthesis in s lices from each zone of the kidney had a d iffe re n t 
dose response to indomethacin in h ib it io n : the cortex was most sensitive  
and the p a p illa  least sensitive . The cyclo-oxygenase in h ib ito rs  are 
generally grouped as e ithe r reversib le  or irre ve rs ib le  (Table 2 .3 ), but 
the m u lt ip l ic ity  o f e ffects (Table 2.4) and the p o s s ib il ity  o f enzymic 
polymorphisim in d iffe re n t regions of the kidney, suggests tha t such a 
c la s s if ic a tio n  may be an overs im p lifica tion .
The exact physiological roles o f the PGs in normal renal function and 
how these are altered in the development of nephropathies is  not c lear. 
F irs t ly ,  indomethacin has, fo r  example, been shown to cause biochemical 
changes which may be c lass ified  as e ithe r related or unrelated to 
a lte ring  prostaglandin dynamics, (Table 2 .4). Secondly, many attempts 
to define renal PG function have been based on the hypothesis tha t 
urinary PG excretion re fle c ts  de novo renal synthesis (Dunn & Hood, 1977; 
Dunn. & Zambraski, 1980 and Dunn 1981), notwithstanding ana ly tica l 
d i f f ic u l t ie s  of measuring very low levels o f various PGs and apparently 
ignoring the fa c t that de novo synthesised PGs may have undergone 
extensive degradation. The measurement of urinary PGs, as an estimate of 
th e ir  de novo renal synthesis, remains equivocal because seminal PGE£ is
Table 2.4. The Actions of Indomethacin i 
Prostaglandin (PG) Related Action
- In h ib its  PG synthesis
- Reduces PG degradation j
- Reduces conversion PGE0-*-PGF0 ;2 2a j
-  Reduces arachidonic acid release
- In h ib its  renal tubular transport o f PG
PG Unrelated Action
- In h ib its  cAMP degradation
-  Decreases c e llu la r  e ff lu x  of cAMP
- In h ib its  cAMP - stimulated protein kinase
- Compete w ith aldosterone fo r  m ineralocorticoid receptors
- Reduces angiotensin I I  binding to adrenal ce lls
- In h ib its  calcium transport - a lte rs  smooth muscle
c o n tra c t il i ty .
A fte r Dunn & Zambraski (1980)
an unavoidable and variable contaminant in the urine of males (Suzuki et 
a ! . ,  1980) and recently , Brown et a l. (1980) have demonstrated tha t both 
rabb it and ra t urinary bladder can synthesise PGE^  from aracidonic 
acid. F in a lly , the physiology of renal function is contro lled by several 
hormonal systems the detailed functioning o f which are not c le a rly  
established. I t  is known tha t renal PGs may be altered by (or may a lte r)  
the renin -  angiotensin I I  - aldosterone i system (Franco-Saenz et a l. ,  
1980 Haekenthal et a l. ,  1980; Lee, 1980; Weber, 1980 and Baer, 1981) the 
k a llik re in  - k in in  system (F itzgerald et a l. ,  1980; Margolns, 1980 and 
Rockel & Heidi and, 1980) and the regulation of f lu id  balance and water 
reabsorption v ia  a n ti-d iu re tic  hormone (Blair-West et a l. ,  1980). 
Further, each of these hormonal systems may in te rac t with the others v ia  
d ire c t or in d ire c t mechanisms. I t  seems lik e ly  tha t a f u l l  understanding 
of the pathophysiology of the renal hormonal systems w il l  take some time 
to c ry s ta llis e .
Despite.the rather abstruse biology there is general consensus (Dunn 
& Hood 1977; Dunn & Zambraski, 1980 and Morrison, 1980) tha t PGs have a 
central ro le  in renal function (Table 2.5). I t  seems, however, tha t renal 
PGs play l i t t l e ,  i f  any, major regulatory ro le  in basal renal blood flow  
in normal conscious animals. There is evidence tha t PGs are released in 
response to ischaemic and vaso-constrictive stress, where th e ir  ro le  
seems to be to provide a protective e ffe c t by maintaining glomerular 
dynamics. The ro le o f PGs (especia lly  PGE2 ) in preventing experimental­
ly  induced acute renal fa ilu re  is c o n flic t in g . Arachidonic acid does 
stimulate renin release, a response which is blocked by cyclo-oxygenase 
in h ib ito rs , but i t  remains uncertain which of the PGs mediate th is  e ffe c t 
in v ivo, and the renal zone from which such mediators are synthesised and 
released. Renin release may, in tu rn , a ffec t PG synthesis and the 
k a llik re in  -k in in  system (which in turn may modulate PG synthesis and the
Table 2.5 The Possible Role fo r  PGs in  Renal Function
Renal Function
Renal Blood Flow
Renin Secretion
Nati u re ti c 
Water d iu re tic
E ffect
Vasodilatation
Vasoconstriction
Glomerular F ilt ra t io n
Rate Increase
Decrease
Increased
Decreased
Prostaglandin 
PGE2s pgi2 
TxA2, PGF2a j(weak)
PGE2s pgi2 
TxA2 |
pg i2, pge2# pgd2
? TxA2
pge29 pg i2, pgd2? 
pge2
A fte r Dunn (1981)
renin system). A n ti-d iu re tic  hormone is  assumed to stimulate PGE2, but 
published data on the co n tro lling  e ffects of PGs on s a lt and water 
balance are very d i f f ic u l t  to in te rp re t. S im ila rly , the mass of 
lite ra tu re  on hypertension and PGs favours the concept tha t the two are 
re la ted , but fa i ls  to propound a unify ing hypothesis.
2.3 .4 .4 . Medullary qlycosaminoqlycan (GAG). An in depth 
consideration o f the biology of GAGs is beyond the scope of th is  thes is . 
The top ic has been considered in broad perspective in the au tho rita tive  
monograph by Kennedy (1979).
GAGs are linear polysacchardides, which are made up of repeating 
disaccharide s un its , one carbohydrate moiety of which is a hexuronic 
acid, (or a neutral sugar in one case) and the other a hexosamine. The 
disaccharide un its , and the occurrence of N-acetyl groups, together with 
the position of O-sulphate groups, defines the species of macromolecule. 
There are seven basic types of GAG (Table 2 .6). These molecules also 
show molecular weight heterogeneity, (when isolated from the same or 
d iffe re n t organs, D ie trich  et a l . ,  1976 and Toledo & D ie trich , 1977) and 
the molar ra tios  o f sulphate to hexosamine varies up to twofold fo r  the 
same type of GAG (Suzuki et a l. ,  1976).
In vivo most of these substances probably occur as proteoglycans 
(PoGs). These supramolecular structures are composed o f a line a r 
protein backbone which carries GAGs covalently bound at in te rva ls  along 
its  length. In theory any combination and ra tio  of GAGs may occur. I t  
is 'o n ly  recently that the concept of PoGs has been accepted; before th is  
the presence of prote in was assumed to be a contamination and vigorous 
steps were taken to remove i t .  Most o f the data presented in Table 2.7 
below, ‘thus represent experimentally-induced a rte fa c t, but i t  is the 
only information available to date.
Despite the ub iqu ity of PoGs, and th e ir  composite GAGs, re la t iv e ly
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l i t t l e  is  p o s itive ly  known about th e ir  physiological functions, with the 
exception of th e ir  anti-coagulant and a n t i-1ipemic properties which are 
best studied in heparin. These molecules are bound to ce ll surfaces 
(K je llen  et a l . ,  1977) where they possibly control the access o f 
endogenous and exogenous molecules to c e ll membrane receptors. 
S im ila rly , the function of th is  in te rc e llu la r  polyanionic matrix most 
probably extend beyond tha t of "immobilised anti-coagulants" or "space 
f i l l i n g " ,  and includes co n tro llin g  the micro-environment of ce lls  (by 
binding e ither inorganic or organic cations and by th e ir  immense water 
holding capacity) and modulating c e ll- c e ll communications. A strong 
case has been put forward fo r  the involvement of GAGs both in co n tro llin g  
ce ll recognition and adhesion, and in contributing to the control o f c e ll 
movement, growth, d iffe re n t ia tio n  and p ro life ra tio n  (Long & W illiams, 
1979).
The association o f GAGs with mitochondria, and nuclear membranes 
(D ie trich  et a l. ,  1976), suggests tha t these macromolecules may also 
play a d ire c t ro le  in con tro lling  some in tra c e llu la r  functions .
The d is tr ib u tio n  of GAGs has been assessed in tissue by e ith e r the
3 5  9 -autoradiographic d is tr ib u tio n  of precursor carbohydrates or SO^  , or 
by histochemical sta in ing. I t  is generally assumed tha t sulphate 
radiolabel d is tr ib u tio n  is re la t iv e ly  spec ific  fo r GAGs, but most o f the 
stain ing procedures are non-specific (e.g. Toluidine blue in te racts  w ith 
any polyanion to give a metachromatic colour s h if t )  and depend e ithe r on 
a p r io r i knowledge of d is tr ib u tio n  or, fo r  example, the use of contro l 
sections which have been exposed to selective enzymic d igestion. 
Because o f the uncertainties associated with the exact biochemical 
nature- of materials assessed by these histochemical approaches i t  has 
been suggested (Kennedy, 1979) tha t stained material is referred to as 
"mucopolysaccharide" (MPS), and tha t the name GAGs are applied only to
those molecules the chemical id e n tity  o f which can be confirmed.
Norhagen & Odebald (1955) reported the autoradiographic d is tr ib u tio n
35o f S in the kidney using re la tiv e ly  crude methods. Subsequently, Monis
& Longley (1955) reported tha t "mucins" lined the e p ith e lia l o f renal
co lle c ting  ducts in a number o f species. (MPS have since been shown to  be
deposited exclusive ly as the lin in g  of co llec ting  ducts in the guinea pig
medulla, Mowry & Morard, 1957). Longley et a l. ,  (1963) demonstrated
35th a t the renal incorporation of SO^  coincided with the histochemical 
d is tr ib u tio n  of "ac id ic  MPS" m ateria l.
Few u ltra s tru c tu ra l studies have referred to the abundant matrix 
surrounding the medullary in te r s t i t ia l  c e lls . Furusato (1977) showed 
tha t fa ilu re  to take the special precaution o f in s o lu b ilis in g  GAG in s itu  
(with ce ty lpyrid in ium  chloride) during tissue fix a tio n s  resulted in 
gross morphological changes. Adequately fixed tissue showed a matrix 
having d iffuse  re tic u la r  s tructu re , consisting of th ick  m ic ro f ib r ils  
enmeshing a dense granular m ateria l. Digestion w ith GAG-specific 
enzymes removed both the m ic ro fib r ils  and the granules. The granules 
were also lost when "normal" f ix a tio n  procedures were fo llowed, 
suggesting the water s o lu b il ity  o f these macromolecules.
The amount and types of GAGs have been reported fo r  the kidneys of 
various species (Table 2.7). The quantity of polyanionic macromolecule 
has been confirmed to be greater in the medulla than in the cortex by 2 
to 4 fo ld  in the ra t (Jacobsen et a l. ,  1964 and Kresse & Grossmann, 
1970), 3 fo ld  in the pig (Kresse & Grossmann 1970), 4 to  7 fo ld  in the 
dog (Castor & Green, 1968 and Kresse & Grossmann, 1970) and by 2 to 13 
fo ld  in the normal human kidney (Inoue et a l . ,  1970 and Constantopoulos 
et a l . ,  1973), where the ra tio  was age re la ted, increasing ra p id ly  to  a 
maximum in the fourth decade and then declining slow ly (Inoue le t a l . ,  
1970). The heterogeneous d is tr ib u tio n  of the types of GAG in the kidney
is suppported by the data of Constantopoulos et a l. ( 1973) fo r  the 
human kidney and Castor & Green (1968) who reported that hyaluronic acid 
was o f high molecular weight in the medulla, but low molecular weight in 
the cortex of dogs. Data on the dog, pig and sheep (Dicker & Franklin , 
1966) and the ra t (Barry & Bowness, 1975), however, suggests tha t the 
types and quantities o f GAG are the same in both the cortex and medulla.
The processes underlying and co n tro lling  the biosynthesis of PoGs are 
complex and incompletely documented (Kennedy, 1979). Pitcock et a l . ,  
1978 have reported that medullary in te r s t i t ia l  ce lls  synthesis PoGs 
(both in s itu  and in cu ltu re) and tha t these macromolecules are 
associated with the c e llu la r  cisterns (d ila ted  rough endoplasmic 
reticulum ). Darnton (1967, 1969) presented data to show tha t glycogen 
associated with the e p ith e lia l ce lls  of the co llec ting  duct in  the ra bb it 
were mobilised and incorporated in to  GAGs. In addition, exogenous 
sulphate, glucose (Barry & Bowness, 1975), glucosamine and galactosamine 
(Ng Kwai Hang & Anastassiadus, 1980a,b) are incorporated in to  de novo 
synthesised GAGs. The pools from which these precursors are drawn, and 
the inter-conversion of carbohydrates between the pools-is very complex. 
Ng Kwai Hang & Anastassiadias (1980b) reported a greater incorporation 
of galactosamine (compared to glucosamine) in to  fowl kidney GAGs. The 
time course of ra d io a c tiv ity  incorporation d iffe red  in the four major 
types of GAG isolated and there were also subtle differences depending on 
the type of hexosamine precursor administered.
Barry & Bowness (1975) showed tha t the spec ific  a c t iv ity  o f 
incorporated radiolabelled sulphate in both the cortex and medullary 
to ta l polyanion decreased b i-exponentia lly , with an alpha-phase h a lf-  
l i f e  o f 2 days fo r the cortex and 2.5 days fo r  the medulla and a beta-: 
phase (attained a fte r 5 days) of about 5 to 6 days fo r  both regions. The 
apex of the medulla (p a p illa  ) showed a mono-exponential decay curve
with a h a l f - l i f e  o f 4 days. Up to 80% of the ra d io a c tiv ity  from both the 
14 35C and S precursors, was incorporated in heparan sulphate during the. 
f i r s t  24h. During th is  early  time period (0-24h) there were changes in 
ind iv idua l GAG spec ific  a c t iv ity  consistant with the concept tha t more 
than one metabolic pool o f precursor molecules e x is ts . The turnover 
rates of ind iv idua l GAGs were s im ila r to those studied in other tissues, 
except fo r  hyaluronic acid which was more rapid.
The functions o f the medullary GAGs have been the centre o f a 
controversy since Ginetzinsky (1959) suggested tha t the action of a n ti­
d iu re tic  hormone was mediated by the release of hyaluronidase. This 
would depolymerise medullary GAG and (so i t  was argued) allow greater 
water reabsorbtion from the tubules in to  the in te rs tit iu m  and thence to 
the blood supply. This hypothesis was based on two observations:-
a) urinary hyaluronidase increased during a n ti-d iu re s is , and
b) during d iuresis the in te r s t i t ia l  matrix stained intensely fo r  MPS 
m ateria l, but not during a n ti-d iu res is  (see the c r it iq u e  below).
Table 2.8 l is ts  the c o n flic tin g  experimental find ings which have been
used to support th is  theory and those which favour i ts  re je c tio n .
Jacobson et a l. ,  (1964) used p a p illa ry  hexosamine contents (per mg dry
renal p a p illa  ) as a d ire c t means of measuring changes in the GAG.” They
showed tha t hydration (water loading) increased the amount of hexosamine
in dehydrated and in normally hydrated ra ts . The 're s tin g ' hexosamine
contents was lower in dehydrated ra ts . A n ti-d iu re tic  hormone had the
opposite e ffe c t and decreased hexosamine contents in both normal and
'hydrated' animals. A ll changes were obvious w ith in  30 to 60 min, the
e ffects  were maximal in 1 to 2h, but had returned to normal in  3 to 4 h.
These changes were confirmed histochem ically. S im ila r ly , Farber et a l . ,
35 2-1971 showed tha t the incorporation of S0  ^ in to  s lices of rabb it medulla 
GAG was inh ib ited  by hypertonic incubation medium. I t  was suggested
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th a t.th is  in h ib it io n  re flected  the in vivo response to an ti-d iu re s is  and 
thereby lends support to the hypothesis of Ginetzinsky (1959).
On the other hand several workers have fa ile d  to reproduce 
G inetzinsky's observations. Recently, c o n flic tin g  data has been 
generated from Sun et a l. (1972) who reported on the histochemical 
sta in ing o f  the medullary in te r s t i t ia l  matrix o f po lyd ipsic and 
po lyuric  rats with inherited hypothalamic diabetes insip idus (D I). 
Compared to normal controls the MPS matrix stained s lig h t ly  less 
intensely fo r  heterozygous ra ts , but only fa in t ly  fo r homozygous DI 
ra ts . This has been confirmed by McAuliffe (1978, 1980) and by Sun 
(1980) who both showed tha t 3 weeks of d a ily  a n ti-d iu re tic  hormone 
administration to homozygous DI rats
a) stimulated the 'synthesis ' o f histochemically stainable medullary 
in te r s t i t ia l  MPS m atrix, and
b) caused Type 1 in te r s t i t ia l  ce lls  (2 .3 .3 .1) to a lign  
perpendicularly to the medullary tubular elements. McAuliffe fa ile d  to  
comment on the e ffects of th is  a n ti-d iu re tic  treatment on e ithe r urine 
osm olality, or d a ily  water consumption and urine volume. Unpublished 
data was, however, quoted to support the view tha t poor concentrating 
a b i l i t y  in the homozygous DI rats was associated w ith only 20% of.normal 
p a p illa ry  GAGs. Heterozygotes were quoted as having 75% o f normal GAGs , 
but produced a urine having less than ha lf the osm olality o f normal ra ts .
These co n flic tin g  data are d i f f ic u l t  to resolve in to  a sing le 
unify ing theory re la tin g  the physiological function of GAGs to the urine 
concentrating process. I t  seems reasonable to assume tha t some of the 
c o n flic tin g  data may have arisen because of fa ilu re  to re a lise  tha t the 
histochemical sta in ing of the renal p a p illa ry  MPS is fraught w ith 
d i f f ic u l t ie s .  F irs t ly ,  most of th e ir  methods are non-specific (see 
above) and do not d iffe re n tia te  the type of GAG. Secondly, many of the
dyes used fo r these procedures have often been adulterated and sta in ing 
properties are notoriously variab le, and may give irreproducib le  
re su lts ; standards fo r  th e ir  p u rity  have only been established recently  
(Horobin, 1980). T h ird ly  the in te n s ity  of histochemical s ta in ing  
measures the a v a ila b il i ty  of dye " in te ra c tive  s ites" rather than the 
quantity  of MPS. Fourthly, fa ilu re  to f ix  MPS material in s itu  may give 
an arte factua l histochemical d is tr ib u tio n . F if th ly ,  the re la tionsh ip  
between the changes in the in te r s t i t ia l  MPS and those lin in g  the 
co llec ting  ducts during altered states of hydration is uncertain. 
Vanhegan (1967) reported tha t the stain ing in te n s ity  of the co lle c tin g  
duct MPS increased during a n ti-d iu re s is , but as has been explained the 
d is tr ib u tio n  o f these macromolecules is peculiar in the guinea pig 
kidney. S ix th ly , the intense diuresis in DI ra ts (McAuliffe, 1978, 1980) 
may wash the water soluble (Furusato, 1977) MPS from th e ir  less water 
soluble re tic u la r  m atrix. F in a lly , the physiological function (s) of 
renal glycosaminoglycans may depend on one or more physicochemical 
features ( fo r example, chain length, or the fu n c tio n a lly  available -Nh^, 
-C00H, N-acetyl, N-sulphate or O-sulphate groups), factors which have 
not yet been investigated. Further, the types of GAG may be 
heterogeneously d is tribu ted  w ith in  the kidney. R e la tive ly  subtle 
changes or interconversions may obviously a lte r the in te r s t i t ia l  m ilieu 
enough to cause major functional changes which w il l  go undetected by 
inappropriate means of assessment.
2.2.4.5 The metabolism of xenobiotic molecules in the kidney. 
Chemically-induced lesions may depend to varying extents on the 
metabolic capacity o f tissues to deal with " in s u lts " . The metabolism of 
xenobiotic molecules may e ithe r prevent lesions (by deactiva tion), or 
be d ire c tly  responsible fo r damage (by ac tiva tio n ). The renal
metabolism of chemicals (and its  consequences) has been reviewed by Hook 
et a l. (1979), Anders (1980), Connelly & Bridges (1980), Kluwe & Hook 
(1980), Davis et a l. (1981), Rush & Hook (1982), and Ormstadt (1982).
I t  is l ik e ly  th a t the liv e r  meets the challenge of metabolising a 
major proportion of exogenous compounds, in vivo before they reach the 
systemic c irc u la tio n . The very large blood volumes perfusing the 
kidneys (2.1.1) and the concentration processes that are part of normal 
renal function (2.3.2) demand, on purely te leo log ica l grounds, an 
e ffe c tive  xenobiotic metabolising function. Indeed most fundamental 
types of bioconversion have been described fo r  the perfused kidney of 
several species (Szefler & Acara, 1979; Elbers et a l. ,  1980; Ross et a l. ,  
1980 and Emslie et a l . ,  1981) and isolated renal ce lls  and tubular 
fragments (Fry et a l . ,  1978; Jones et a l. ,  1979; Szinicz & Weger, 1981 
and Ormstadt, 1982). S im ila rly , kidney microsomes have been shown to 
have most o f the enzymic and cytochrome mediated metabolic a c t iv it ie s  
tha t have been described in other tissues (see reviews and references 
cited the re in ). The xenobiotic transformation capacity in the kidney is 
about 3 to 50% (depending on the system, species and source of data) o f 
that found in the l iv e r  (L it te rs t  et a l. ,  1975a, Navran & Louis-Ferdinand 
1975, and Fry et a l. ,  1978) but may be much higher than the l iv e r  under 
certa in  circumstances (see Anders, 1980). There are marked q u a lita tive
differences between the hepatic and renal xenobiotic metabolism. Renal
2+  “ . . .  
enzymes are stable during the Ca aggregation method of preparing
microsomes (L it te rs t  et a l. ,  1975b), enzymic k in e tic  constants vary
between microsomes isolated from the two organs (Navran & Louis-
Ferdinand, 1975) and where as there are marked sex-related differences
in hepatic metabolism there are few in the kidney (L it te rs t  et a l. ,
1977).* There is evidence to suggest tha t the cytochrome P-450's from the
liv e r  and kidney are s im ila r based on e lectrophore tic , and electron
paramagnetic resonance studies (Armbrecht et a l. ,  1979), immunological 
c r ite r ia  (Guengerich & Mason, 1979) and on immunometabolic studies 
(Kaminsky et a l. ,  1979), but these data are most d i f f ic u l t  to in te rp re t 
in  "absolute" terms, because the P-450's were from organs exposed to 
d iffe re n t inducing agents. There is now substantial evidence tha t 
hepatic and renal tissue may respond d if fe re n tly  (both q u a n tita tive ly  
and q u a lita tiv e ly ) to the various inducers of cytochrome P-450 (L it te rs t  
et a l. ,  1977; Zenser et a l. ,  1978 and Kaminsky et a l. ,  1979). Ascorbic 
acid deficiency (S ik ic  et a l. ,  1977) and carbon te trach lo ride  
pretreatment (L it te rs t  et a l. ,  1977) a lte rs  the metabolism of 
xenobiotics d iffe re n tly  in the liv e r  and kidney, and the in h ib ito ry  
e ffects  of 2-diethylam inoethyl-2,2-diphenylvalerate (SKF-525A) are 
s im ila r, but not id e n tica l, fo r renal and hepatic microsomes studied in 
v it ro  (L it te rs t  et a l. ,  1977).
There is now substantial evidence to support the concept tha t the 
metabolism of xenobiotics often produces b io lo g ica lly  reactive- 
intermediates, which mediate th e ir  to x ic  lesions by binding to c e llu la r  
macromolecules and blocking normal functional processes (see Jollow et 
a l. ,  1977 'and Snyder et a l. ,  1981). S im ilar mechanisms have been proposed 
to explain various types of chemically-induced renal lesions, including 
p a p illa ry  necrosis (See 3 .2 .5 .4 ). The m etabolically generated reactive 
intermediates have a re la tiv e ly  short l i f e  and are most l ik e ly  formed in 
the organ or anatomical area in which they induce damage. Recently, i t  
has been shown tha t there are marked quantita tive  and q u a lita tive  
differences in the regional d is tr ib u tio n  of microsomal mixed functional 
oxidase a c t iv ity  w ith in  the rabb it kidney (Zenser et a l. ,  1978 and 
Armbrecht et a l. ,  1979). Most mixed functional oxidase a c t iv ity  was 
located in the cortex and least in the inner medulla in control tissue 
and that taken from animals induced with 3-methylcholanthrene.
Cytochrome P-450 was not detected in the medulla of controls and absent 
from the inner medulla even a fte r induction. In addition, laurate 
hydroxylase a c t iv ity  (the only mixed functional oxidase a c t iv ity  found 
in the inner medulla) showed marked differences in the pattern of 
in h ib itio n  by carbon monoxide, a-napthoflavone and metyrapone in the 
cortex, the outer, and the inner medulla. This suggests some differences 
in the genetic expression o f the same type of enzymic a c t iv ity  in 
d iffe re n t zones o f the kidney.
More recently Zenser and co-workers (Davis et a l. ,  1981) have 
focussed th e ir  a ttention on the oxidative metabolism in the medulla 
which is mediated in the absence of spectrophotometrically measurable 
cytochrome P-450. Zenser et a l. (1979a) reported tha t cortex microsomes 
metabolised 1,3-diphenylisobenzofuran to O-dibezoylbenzene la rge ly  v ia  a 
cytochrome P-450-like system ( i t  was NADPH dependent and inh ib ited  by 
carbon monoxide and metyrapone). The inner medulla microsomes had the 
same metabolic capacity, but la rge ly in the presence of arachidonic acid 
(the system was independent of NADPH, and inh ib ited  by non-steroidal 
anti-inflammatory compounds such as indomethacin and not by carbon 
monoxide or, metyrapone). The outer medulla microsomes had both types 
of a c t iv ity .  The anti-oxidant ethoxyguin inh ib ited  the arachidonic acid 
and the NADPH dependant metabolic processes.
The specific  arachidonic acid dependent metabolism (assumed to be via 
prostaglandin eyelo-oxygenase) of benzidine (a potent bladder 
carcinogen) was shown to be absent from hepatic and cortex microsomes, 
but active in medullary microsomes, especia lly inner medulla microsomes. 
The metabolism was inh ib ited  by non-steroidal anti-inflammatory drugs, 
ethoxyquin, and arachidonic acid analogues. Approximately 75% of 
metabolised benzidine was covalently bound to macromolecules, presumably 
v ia  a reactive intermediate. Addition of sulphydryl protectors, such as
glutath ione, reduce the amount of covalently bound metabolite to 25% 
(Zenser et a l . ,  1979b). Using rabb if renal inner medullary s lices Rapp 
et a l. (1980) have confirmed the arachidonic acid dependent co- 
oxidative ac tiva tion  of low concentration of benzidine, and its  covalent 
binding to tissue. Benzidine caused a dose dependent reversib le  
in h ib it io n  of PGE£ synthesis and non-steroidal janti-in flanm atory drugs, 
ethoxyquin and arachidonic and analogues (tha t are not^yclo-oxygenase 
substrates) inh ib ited  benzidine metabolism.
Recently, Mohandas et a l. (1981) have shown tha t paracetamol is 
activated by an arachidonic dependent pathway predominantly in the inner 
medulla and minimally in the cortex.
CHAPTER 3
V
RENAL PAPILLARY NECROSIS
The f i r s t  reported cases of renal p a p illa ry  necrosis (RPN) in man were 
published by von Friedreich (1877) and by Turner (1885, 1886 and 1888). 
One hundred and s ix ty  cases, involving one or both kidneys, had been 
reported by 1950. These were reviewed by Mandel (1952) who concluded 
tha t diabetes or urinary obstruction (or both) were the most frequently  
diagnosed conditions associated w ith the lesion and suggested th a t the 
local release o f bacteria l toxins might also contribute to ce ll death in 
the necrotic area.
RPN was f i r s t  recognised as an iatrogenic disease when Spuhler and 
Zo llinger (1953) drew attention to the apparent increase in the 
incidence o f "chronic in te r s t i t ia l  neph ritis " (caused by an underlying 
p a p illa ry  necrosis) and highlighted the association between th is  
condition and an abusive intake o f analgesics. The mixed analgesics 
which were consumed by these patients a ll contained phenacetin. S im ila r 
observations were reported over the next decade and phenacetin was 
assumed to be the s o lita ry  ae tio log ica l common denominator. The 
condition was soon dubbed "phenacetin kidney", but the ae tio log ica l ro le  
o f phenacetin has since been disputed, and current evidence favours the 
idea tha t most, i f  not a l l ,  analgesics and anti-inflammatory drugs may 
give r ise  to the lesion (see 3 .1 .2 ).
3.1 RENAL PAPILLARY NECROSIS IN MAN
RPN has many possible underlying causes (Table 3 .1). The lesion is 
most d i f f ic u l t  to diagnose (except at autopsy, and even here i t  can 
eas ily  be overlooked— see 3 .1 .1 ), thus the true incidence o f drug- 
induced p a p illa ry  necrosis can only be a poor estimate. Murray &
Table 3.1 Factors Relating to the Development o f Renal Pap illa ry  
Necrosis -
*
Frequently Reported:-  
Diabetes M e llitus 
Analgesic Abuse
High Dose Non-Steroidal Anti-Inflammatory Drug Therapy (?)
Upper Urinary Tract Obstructive Uropathy (consequence?)
Recurrent Urinary Tract In fection  (consequence?)
Sickle Cell Haemoglobinopathy 
Acute Pyelonephritis (superimposed?)
Dehydrated Newborn Infants (frequently jaundiced)
Less Frequently Reported:- 
Renal Vein Thromboses 
Chronic Alcoholism .
Dehydration in  Children (Diarrhoea)
Severe Jaundice 
Calyceal A r th e r it is  
Glomerulonephritis 
Renal Transplant 
Systemic Candidosis j 
Trauma
Prolonged Hypotension 
Dapsone
From Data Cited by:-
Harrow (1967); Knepshield e t a l . (1968);
Watanabe & Sakaguchi (1969); Hoffbrand (1978); Greenlaw (1979); 
Shah & Kisilevshy (1980) !
Goldberg (1978) suggest tha t the low incidence in the USA is ,  in pa rt,
under-diagnosis, and Cove-Smith & Knapp (1978) found tha t there was a 30%
\
under-estimate in the prevalence o f the lesion in the UK. Up to 1973 
about 3200 cases had been reported (Rosner, 1976). The lite ra tu re  
re la ting  to the top ic  of analgesic associated renal p a p illa ry  necrosis 
is extensive, and has been reviewed by Shelley, 1967; Gault et a l. ,  1968; 
Abel, 1971; Nanra & Kincaid-Smith, 1972; Murray & Goldberg, 1975; 
Stewart & G allery, 1976; Duggin, 1977; Kerr & Ward, 1977; Burry et a l . ,  
1977; Nanra et a l. ,  1978; Shelley, 1978; Cove-Smith & Knapp, 1978; 
Hook et a l. ,  1979; Kincaid-Smith, 1979; Duggin, 1980; Nanra, 1980 and 
Stuygles & Iu liu c c i,  1981.
3.1.1 Diagnosis of RPN in Man
The c lin ic a l symptoms now known to be associated with the early  
development of analgesic associated renal p a p illa ry  necrosis (Table 
3 .2), are u n like ly  to draw attention to themselves. When they do, i t  is 
only the observed presence of a p a p illa  in the urine (a rare and o f t  
overlooked occurrence, Burry et a l. ,  1977) tha t is l ik e ly  to pinpoint the 
lesion. The progression of renal damage is insidious and as much as 60 
to 85% of renal function may be compromised before symptoms become 
obvious. These w il l  not, however, in themselves, be ind ica tive  o f the 
underlying cause.
Radiological examination may not id e n tify  p a p illa ry  necrosis ( i f  the 
necrosed p a p illa ; remains in s i tu ) , and even when loss of the p a p illa  is 
obvious ( in  the presence or absence of other degenerative renal changes) 
the underlying cause might be any of those lis te d  in Table 3.1 (Harrow, 
1967 and L in d va ll, 1978).
The only d e fin it iv e  c r i te r i^  fo r  confirming the underlying cause of a 
diagnosed p a p illa ry  lesion is excessive analgesic intake in the absence 
o f other possible c lin ic a l causes (Table 3.1) and:-
Table 3.2 C lin ica l Features Associated with Renal P ap illa ry  Necrosis. 
"Early Symptoms"
Females predominate 3:1 to 8:1. Most common 40 to 60.years o f age
Psychiatric abnormalites:-  immaturity, dependence, emotional
in s ta b i l i ty ,  anxiety, headachesf, in trovers ion and neurosis. 
(Incidence very high)
Upper gastro in testina l disease:- Peptic u lceration o f Stomach* 
or Duodenum*;."Dyspepsia"
(Incidence up to 86%)
Anaemia:- GIT bleeding*, haemolysis, iron defic iency, Cyanosis* 
(Incidence up to 60%)
"Intermediate Symptoms"
Urinary Tract Disease:- Bacte riu ria , S te rile  pyuria,
nocturia , dysuria, microscopic haematuria, u re te ria l c o lic , lower 
back pains.
(Incidence up to 100%)
U rinanalys is:- Defect in  a b i l i ty  to concentrate and a c id ify  
urine, P rote inuria , Nocturia, Azotemia
"Late Symptoms"
Hypertension
'(Incidence up to 70%)
Cardiovascular manifestations, Ischaemic heart disease, Peripheral 
vascular disease
Renal ca lcu li and bladder stones 
(Incidence high)
Renal Malfunction, Decreased glomerular f i l t r a t io n  ra te , Increased 
blood urea nitrogen, Renal tubular acidosis.
Renal osteodystrophy and bone pain
Carcinoma o f Renal Tract.
Acute Renal F a ilu re :- Especially common a fte r  surgical procedures 
(Clark & Linton 1973).
From data c ited by:- Gault e t a l .(1968); Clark & Linton 
(1973); Murray (1974); Duggin (1977); Stewart (1978); 
Kincaid-Smith (1980) and Nanra (1980).
t  Possibly caffeine withdrawal re la ted. * D irect secondary 
consequence o f high dose analgesic intake.
A) the id e n tif ic a tio n  of abnormally high plasma or urine levels of 
these compounds* (or th e ir  metabolites) over long periods, or
B) a h is to ry  o f high dose, long term analgesic usage, or both (Dubach 
et a l . ,  1978).
Patient h is to ries  are, however, notoriously un re liab le , especia lly 
i f  (as is the case) there is a social stigma associated with abusive 
drug consumption. Further, the question of what quan tity , and which 
analgesic(s) has been abused have been obscured by fa ilu re  to id e n tify  
the causative agent(s) (3.1.2) and hence the lack of a d e fin it io n  of what 
constitutes "an abusive consumption".
The inappropriate reasons underlying excessive analgesic use have 
been evaluated by many research reports. These have been reviewed by 
Murray, 1974; Murray & Goldsberg, 1975; Rosner, 1976 and Murray, 1978. 
They include such factors as the mood a lte ring  e ffec ts  of analgesic 
constituents such as codeine, caffeine and other sedatives or 
stim ulants; use to "overcome" caffe ine withdrawal headaches tha t have 
developed as a consequence o f abusing caffeine containing analgesics; 
personality t r a i ts  which predispose to addiction; accepted social or 
working environment custom ^,, and possibly other un iden tified  fa c to rs .
The c r ite r ia  fo r  abuse of "analgesics" is poorly defined, and covers 
the broad range of 2 to 35kg (o f phenacetin) over 3 to 45 years (Goldberg 
& Talner, 1975). Other reports suggest an accummulative estimate of each 
of the separate analgesic intakes, or the to ta l mixed analgesic 
consumption (Gault et a l . ,  1968 and Cove-Smith & Knapp, 1978).
3.1.2 The Epidemiology, Geographical D is tribu tion  and Incidence of RPN 
in Man.
A number of reports (see Shelley, 1967; Abel, 1971; Murray & 
Goldberg, 1975; Duggin, 1977; Shelley, 1978 and Dubach e t a l . ,  1978 fo r
references) have h igh ligh ted :-
A) the increased incidence o f renal lesions in those patients who
\
had consumed excessive amounts (see 3.1.1) of analgesic(s),
B) a p ro p o rtio n a lity  re la tionsh ip  between the amount of analgesic 
(phenacetin) consumed and the extent of renal damage, and
C) the s ta b iliz a tio n  o f (or improved) renal function tha t developed 
in patients who ceased to abuse analgesics; while those who continued to 
consume excessive amounts showed a steady dete rio ra tion  in renal 
function.
Much o f the early data supported the theory that phenacetin was the 
s o lita ry  underlying cause of RPN. Gilman (1964), however, questioned 
the v a lid ity  o f th is  theory, and suggested that each or a ll of the 
constituents (in  mixed analgesics) may contribute. The question has 
s t i l l  not been resolved, but most analgesic and nonsteroidal a n t i­
inflammatory drugs (NSAID) have (a t one time or another) been shown to  
induce the lesion experimentally, i f  not in humans (see below). There 
have been no reports of the development of p a p illa ry  necrosis in patients 
who took only phenacetin (but the prescribing o f phenacetin on its  own 
was very uncommon). There is some evidence to support the view th a t 
sa licy la tes can cause the lesion in rheumatic pa tien ts , but th is  has been 
questioned (on the basis tha t the data was derived re tro sp e c tive ly ), and 
refuted by prospective surveys (see Goldberg & Talner, 1975; Duggin, 
1977; Cove-Smith & Knapp, 1978 and Kincaid-Smith, 1980 fo r  discussions).
The dangers o f "the rapeu tica lly  induced" p a p illa ry  damage from mixed 
analgesics has been highlighted by Cove-Smith & Knapp (1978) who 
reported tha t 42% of th e ir  patients with "analgesic nephropathy" were 
taking prescribed high dose, longterm mixed analgesic therapies fo r  
e ithe r rheumatoid a r th r it is  or o s te o a rth r it is . In 88% of the patien ts in 
th is  group the cause of death was chronic or acute renal fa i lu re .  The
analgesi'cs taken were e ithe r aspirin-phenacetin or aspirin-paracetamol 
mixtures.
Recently, there have been a number of reports suggesting tha t the 
"second generation" NSAID may induce p a p illa ry  necrosis at commonly 
prescribed doses. The NSAID so fa r linked to th is  lesion include 
propoxyphene (Murray & Goldberg, 1978), fenoprofen and naproxen (Husseri 
et a l. ,  1979), phenylbutazone, indomethacin, antipyrine , ibuprofen and 
alclofenac (see Prescott, 1979 fo r  references) and recently Robertson et 
a l . (1980) have drawn attention to several cases of p a p illa ry  necrosis 
fo llow ing the use of mefanamic acid (see Section 3 .2 .3 .1 ).
No workers have looked beyond the anti-inflam m atory, or analgesic 
groups o f drugs as possible p a p illo to x ic  compounds in man, but one 
unsubstantiated report c ites therapeutic doses of dapsone as having 
induced the lesion (Hoffbrand, 1978). Burry (Burry et a l. ,  1977, Burry 
1978) and Gloor (1978) appear to be the only workers who have speculated 
tha t other drugs (or chemicals) may also contribute to , or even cause RPN 
in man.
Some workers have ignored these find ings and s t i l l  in s is t th a t 
phenacetin (or one of the im purities associated with its  synthesis - p- 
ch loracetan ilide) was the only cause of the lesion (see Shelley, 1967; 
Rosner 1976 and Shelley, 1978). Phenacetin was withdrawn from most
commercially available analgesics between 1967-1975 and replaced by
/
e ithe r salicylamide or paracetamol. The Australian experience suggests 
tha t these substitu tions have not (contrary to expectations) decreased 
the incidence o f the lesion - in fa c t several reports suggest an increase 
(see Kincaid-Smith, 1979).
Over the las t few years increasing attention has been focused on the 
supposed importance of paracetamol (acetaminophen) in the underlying 
aetiology o f analgesic associated renal disease. Many attempts to lin k
paracetamol and RPN have been speculative, some of them perhaps w ild ly  
so, especia lly those tha t draw inferences on the chronic nephrotoxicity 
o f paracetamol from its  acute e ffec ts . Rosner, 1976 is of the opinion 
tha t the in i t ia l  " l in k "  between p a p illa ry  necrosis and paracetamol was 
forged by the observations tha t paracetamol (a major metabolite of 
phenacetin) was concentrated across the medulla, but tha t phenacetin was 
not (see 3 .2 .5 .1 ). This tenuous association has most probably been 
strengthened by:-
A) The uncompromised blind dogma tha t phenacetin is the o rig in a l and 
only caused ) of p a p illa ry  necrosis.
B) Failure to decrease the frequency o f analgesic nephropathy when
phenacetin was replaced by paracetamol in mixed analgesics.
C) M itch e ll's  group (see M itchell et a l . ,  1977 fo r  references) have 
described a mechanism to explain the acute hepatic necrosis tha t
develops as a consequence of high doses of paracetamol. Only renal
proximal tubule necrosis has been associated with acute paracetamoj 
in to x ica tio n , nevertheless some workers have transposed th is  mechanism 
(see 3.2.5.4) to " f i t "  chron ica lly  induced renal p a p illa ry  necrosis.
D) Dubach has reported a prospective study where urinary paracetamol 
was used as the d istingu ish ing c r ite r ia  of patient analgesic abuse, 
(Dubach, 1978; Dubach et a l . ,  1978 ). • 
However, these investigations f a i l  to d iffe re n tia te  between patients who 
took analgesic mixtures which contain paracetamol as opposed to those 
containing phenacetin (which was s t i l l  available in Switzerland, Gloor,
' 1978).
E) Recently, Zo llinger has published a series of papers on his l i fe s  
work in the f ie ld  of "phenacetin abuse". I t  concludes tha t phenacetin 
and paracetamol containing analgesics cause an expensive abuse problem,
var ieu r.ena i lesiunb \inu iuuing  mcingndni cnanges; ana suggesxea max 
both drugs should be replaced by other analgesics (Z o lling e r, 1980; 
Mihatsch et a l. ,  1980a,b,c, and Dalquen et a l. ,  1980). The incrim ination 
o f paracetamol and phenacetin are not, however, based on sound reasoning 
because the vast m a jo rity  o f patients had abused MIXED analgesics.
One of the other puzzling features underlying the aetiology o f RPN is  
the varying incidence between countries (Table 3.3) and especia lly  
w ith in  countries (Table 3 .4 ). Some of these varia tions may re la te  to a 
lack o f awareness and consequently fa ilu re  to diagnose the condition. I t  
is equally possible tha t the extent o f abuse and nature of the offending 
chemicals varies between and w ith in  countries. The per capita 
consumption o f phenacetin ( s t i l l  assumed by many to be representative of 
to ta l analgesic intake) shown in Table 3.3. has been used to support th is  
hypothesis. A number of workers have questioned the o rig ins o f these 
fig u res , the v a lid ity  of the assumptions underlying the. ca lcu la tions 
(Gault et a l. ,  1968; Rosner, 1976 and Murray & Goldberg, 1978) and the 
fa c t tha t "consumptions" are s im ila r in Canada, South A fr ica , the United 
Kingdom and the USA, but there are markedly d iffe re n t incidences of 
analgesic associated nephropathies.
•The higher incidence of p a p illa ry  necrosis in  sub-trop ica l 
Queensland, together with the greater frequency of diagnosed p a p illa ry  
necrosis (not frequency per se as is often suggested) in the summer 
months in A ustra lia , is generally assumed to substantiate the ro le , o f 
"c lim a tic  facto rs" in the geographic v a r ia b i l i ty  and possibly the 
pathogenesis o f the lesion (see 3 .2 .5 .1 ), (Burry et a l . ,  1977, and Burry,
1978).
3.1.3 The Pathological Course 1 o f RPN in Man
The evolution o f p a p illa ry  necrosis reported by Burry et a l . ,  1977; 
Burry, 1978 and Gloor, 1978 shows tha t the lesion is p rim a rily  one o f the
Table 3.3 Incidence o f Analgesic Associated P ap illa ry Necrosis in  
D ifferent.Countries and Per Capita Consumption o f * 
Phenacetin • *
Country Patients Entering Autopsy
D ialysis Programme Surveys
as Consequence o f 
Analgesic Usage
Per capita 
consumption o f 
Phenacetin 
(g/head/year)
Austra lia
Canada
Denmark
Finland
France
Germany
15 - 30% 
5.5%
-0 .3  to 4%tc
3.7 - 20%'
■12 - 25%+c
40
6 - 7
25*C
25*c
South A frica  
Sweden 
Switzerland 
United Kingdom
United States
20%
0.3 - 4%+c 
12%
0.3 - 4%tc
1.1 - 1.3%a
0 . 16%a . 
0.41 - 0.54%°
0 . 2%
12
25*c
22
8
(Scotland 12) 
10
Kincaid-Smith (1978) 
Cove-Smith & Knapp (1978)
Gault e t a l . (1968)
Figure fo r  Europe
Figure fo r  Scandinavia
Table 3.4 Varia tion in the Incidence o f Renal P ap illa ry  Necrosis w ith in  
Countries.
Australia* (Data fo r  period 1971 - 1976)
Percentage population abusing 
analgesics
Queensland 
Northern T e rrito ry  
New South Wales 
South Austra lia  
Tasmania 
V ic to ria
Western Austra lia  
United Kingdom*3
Midlands
North-West England 
Newcastle
South East England 
Glasgow
Female 
16 
No data 
9
No data
4
5 
3
Male
11
Cases o f p a p illa ry  
necrosis per m illio n  
population
6.7 
No data
8.4
4.3 
0
1.3
2.3
a) Stewart (1978)
Reported Incidence 
low 
1 ow
moderate
moderate
high
b) Murray (1973 & 1978)
apex o f'th e  p a p illa  and th is  then progresses slowly to include secondary 
co rtica l changes.
3.1.3.1 Early pap ila ry necrosis. Th'e e a rlie s t reported changes re lated 
to p a p illa ry  necrosis include necrosis o f the limbs of Henle, the 
ca p illa r ie s  and in te r s t i t ia l  ce lls  (with or without c a lc if ic a t io n ) .  PAS 
sta in ing shows a thickening of the basement membrane. Whereas Burry et 
a l. ,  1977 and Burry, 1978 report a more intense sta in ing of 
mucopolysaccharide, Gloor (1978) suggested loss of th is  ground substance 
from the in te r s t i t ia l  m atrix. Cryostat sections stained with o i l  red-0 
may show an accunmulation o f l ip id  material deposited in the necrosed 
tissue , which constitu te  columns progressing up the medulla, but leaving 
the vasa recta, some limbs of Henle and the co lle c ting  ducts in ta c t. 
Needle shaped crysta ls  have been noted in l ip id  rich  necrosed areas. 
These were reported to be cholesterol esters and possibly arachidonic 
acid (Burry, 1978).
3.1.3.2 Intermediate p a p illa ry  necrosis. Those anatomical elements in 
the medulla which were previously unaffected, w ith the exception o f 
co llec ting  ducts and occasional vasa recta, are necrosed. Calcium 
deposits are more extensive in the necrosed area and the outer medulla 
may show atrophy and sc le rosis, and varying degrees o f f ib ro s is  and 
inflammatory response. Bone formation may also occur in the necrosed 
pap illae .
The necrosed p a p illa  ghost may remain attached or separate from the 
medulla. The separated pap illae may:-
a) remain in s i tu , or
b) leave the minor calyces e ithe r whole or fragmented.
The medulla above the line  o f sequestration is never h is to lo g ic a lly  
normal, but, nevertheless, is coated by tra n s itio n a l epithelium . 
Bacteria l in fec tion  may be superimposed up on these changes.
3.1.3.3 Total p a p illa ry  necrosis. Total p a p illa ry  necrosis develops 
from the progressive destruction o f the inner medulla, fo llow ing e ith e r 
a crescent or a central course.
3.3.3.4 C ortica l changes in p a p illa ry  necrosis. M icroscopically the 
cortex appears normal u n t il the papillae which "fu n c tio n a lly  underlies 
i t "  is to ta l ly  necrosed. The form of co rtica l changes then depend on the 
degree of sclerosis at the line  of sequestration ( i f  the pap illa  is cast 
o f f ) .  The c o rtic a l changes are essen tia lly  characterised as "chronic 
in te r s t i t ia l  n e p h ritis " , and include tubular atrophy, in te r s t i t ia l  
f ib ro s is , inflammatory in f i l t r a t io n ,  glomerular changes, hya lin iza tion  
w ith in  co llec ting  ducts and destruction of vascu la rity .
Burry et a l. ,  1977 stress tha t confusing s im ila r h is to log ica l changes 
may arise from factors such as age, amyloidosis, and ' idopath ic ' 
p a p illa ry  calcium lesion. Further histopathological changes th a t may 
develop in the medulla as a consequence of diabetes, u re tera l 
obstruction, s ick le  ce ll anaemia, a lcoholic c irrhos is  or chronic 
dehydration have many s im ila r it ie s  which are s tr ik in g ly  common w ith 
those associated with abusive analgesic intake,,
3.1.3.5 Changes in the pe lv is , ureter and bladder in p a p illa ry  necrosis. 
An asssociation between analgesic abuse and carcinoma of the p e lv is , 
ureter and bladder tra n s itio n a l e p ith e lia  has been c le a rly  established 
(Bengtsson et a l. ,  1978; Burry, 1978; Gloor, 1978; Gonwa et a l . ,  1980 
and Lomax-Smith & Seymour, 1980 a,b). The underlying pathogenesis is not 
c lear, but has been assunmed to be induced via  b io lo g ic a lly  reactive  
intermediates formed from phenacetin (Bengtsson et a l . ,  1978). There 
appears to be l i t t l e  experimental work published in th is  area, but recent 
studies on cyclo-oxygenase mediated xenobiotic metabolism suggest th is  
may be a key fac to r (see 2 .3 .4 .5 ).
In addition, non-malignant h istopathological changes in the p e lv is ,
ureter and bladder (such as thickening of ca p illa ry  w a lls , sclerosis of 
lamina propria, and changed fa t  and collagen deposition) have been 
reported (Burry, 1978 and Gloor, 1978).
3.1.4 The Prognosis fo r  Patients Suffering from P ap illa ry  Necrosis.
The prognosis fo r patients with RPN depends on an early  diagnosis. 
Depending on the degree of renal damage the patient may progress along 
three c l in ic a l ly  d is t in c t channels. I f  the patient stops abusing the 
offending compounds then kidney function may e ithe r
A) improve dram atica lly, or
B) i t  may s ta b ilis e .
I f ,  however, (as more often seems to be the case) large doses o f the 
drugs are s t i l l  consumed the kidney function w i11:-
C) deteriorate and eventually the patient w il l  su ffe r renal fa ilu re . 
Even i f  patients are part o f a sophisticated d ia lys is  or transplant
programme th e ir  prognosis is poor. Kingsley et a l. ,  1972 have reported a 
51% death rate in  a 5 year period, while Cove-Smith & Knapp (1978) 
reported a mean survival o f 31.3 months from the time when patients were 
diagnosed to be su ffe ring  from RPN.
3.2 EXPERIMENTALLY INDUCED RPN
Investigations in to  the pathogenesis of experimentally induced 
nephrotoxicity is hampered by species and sex va ria tion  in  renal 
morphology (see Symposium editored by S to lte  & A lt ,  1980), the 
complexities o f renal function (see Chapter 2) and the inherent 
lim ita tio n s  o f the available means of assessing renal malfunction 
(Snell, 1967 and Zbinden, 1969). These d if f ic u lt ie s  are fu rth e r 
compounded by the many and varied degenerative changes tha t are often 
encountered in untreated animals. These are e ither gene tica lly  linked 
spontaneous lesions, or occur with increasing frequency in aging animals 
- a problem tha t is impossible to overcome in chronic to x ic ity
experiments (Zbinden, 1969; Burek, 1978; and in chapters contributed to 
the book edited by Andrew et a l . ,  1979).
3.2.1 Spontaneously Occurring RPN. '
Several workers have reported spontaneously occurring RPN in 
d iffe re n t murine stra ins and hybrids (Gover, 1940; Dunn, 1944 and 
Cornelius, 1970). This was invariab ly  associated w ith amyloid deposits 
in the kidney. The lesion was age related in tha t i t  occurred with 
increasing frequency and severity  a fte r 12 months. The necrosis was 
preceded by amyloid in f i l t r a t io n  o f the in te rs tit iu m  at the p a p illa ry  
apex. The necrosis extended to other functipnal areas, but was lim ited
to the medulla. The changes in the cortex- were secondary to p a p illa ry
\ ^
necrosis and included amyloid deposits, and cys tic  d ila ta t io n .
There appears to be no published research in to  the molecular 
pathogenesis of these age related degenerative changes.
P ap illa ry  necrosis has also been [reported to occur in  adult homogenous 
Gunn rats (Schmid et a l. ,  1959, Blanc & Johnson, 1959 and Axelsen, 1973). 
The necrotic lesion developed from the papilla , t ip  and was always 
associated with a deposit of b i l ir u b in - l ik e  crysta ls in the in te r s t i t ia l  
m atrix. The lesion may be comparable with tha t observed in jaundiced 
infants and adults (Table 3 .1), but the pathogenesis has not been 
explored.
3.2.2 Non-chemically-Induced Renal P ap illa ry  Necrosis
There are also a number of model systems which can be induced by non­
chemical means.
3.2.2.1 D ietary induced renal p a p illa ry  necrosis. Renal p a p illa ry  
necrosis can be induced by maintaining rats on a fa t- fre e  d ie t fo r  up to  
43 weeks (Burr & Burr, 1929, 1930; Boyland & Jackson, 1931 and Moll and 
1978a). The morphology has been described in de ta il (Molland, 1978a) and 
includes degenerative changes in the in te r s t i t ia l  c e lls  and tubu la r
epithelium , hyperplasia o f pe lv ic  epithelium , loss o f MPS sta in ing from 
the in te r s t i t ia l  matrix and fa t ty  deposits in the ce lls  of the medulla 
and cortex. McAmis et a l .(1929), have also reported the increased 
incidence of ca lcu li in the renal pe lv is , the ureters and the bladder, 
but th is  may have been due to a concomitant vitamin A deficiency (Boy!and 
& Jackson, 1931).
The molecular pathogenesis has generally been explained on the basis 
of an essential fa t ty  acid deficiency lim itin g  the a v a ila b il i ty  o f 
prostaglandin precursors (2.3.4.3 and 3 .2 .5 .3 ). The in te r s t i t ia l  ce lls  
are very rich  in  l ip id  materials (2 .3 .4 .2 ), and d ie ta ry  perturbation o f 
th is  most complex metabolism might equally explain c e llu la r  necrosis.
3.2.2.2 Renal p a p illa ry  necrosis induced by "manipulating" renal 
haemodynamics. Muirhead et a l. (1950) demonstrated tha t lig a tin g  the 
ureter caused both hydronephrosis and pa p illa ry  necrosis in  64% of dogs 
thus treated. They suggested tha t ‘in trap e lv ic  pressure had a ltered the 
medullary haemodynamics and so caused the lesion. S im ilar resu lts  have 
been reported in uninephrectomized rabbits by Sheehan & Davis (1959a). 
Necrosis was not, however, induced in rats by ureter lig a tio n  (Edmondson 
e t a l . ,  1947).
Occluding the major renal blood vessels may also cause p a p illa ry  
necrosis. Beswick & Schatzki (1960) reported tha t to ta l renal vein 
occlusion caused a complete medullary necrosis, with some c o r tic a l 
lesions. Chronic p a rtia l renal vein occlusion, however, caused necrosis 
(o f varying complexity), but only in the medulla. S im ilar observations 
have been reported by Sheehan & Davis (1959b), Baum et a l. (1969), and 
Davies (1967) who showed, in add ition , tha t occluding the renal a rte ry  
caused necrosis of the cortex with only minimal changes in the medulla.
3.2.2.3 Heterologous serum-induced renal p a p illa ry  necrosis. P a trick  
et a l. ,  1964 were the f i r s t  to report tha t p a p illa ry  necrosis developed
in  ra ts w ith in  72h o f in je c tin g  human serum intravenously. I f ,  however, 
the heterologous serum was incubated* with ra t erythrocytes i t  caused 
haemolysis and agg lu tina tion, but the necrotic e ffe c t was lo s t when the 
incubated serum was subsequently administered. Serum from other species 
caused only minor changes, i f  any.
I t  seems l ik e ly  tha t agglutinated ra t erythrocytes could d isrupt 
medullary blood flow  (3 .2 .2 .2 ), but Patrick et a l. ,  1964 also suggested a 
d ire c t antigenic e ffe c t o f human serum components on the ra t kidney. 
This is supported by the fa c t tha t the rabb it kidney shows a tremendously 
v io len t and rapid (w ith in  30s) f ix a tio n  of human antibodies, and of 
complement, when xenoperfused with fresh human blood (Rossmann & 
Matousovic, 1979). Recently, Rudofsky et a l. ,  1980 reported (w ithout 
comment) tha t SOL mice were found to have p a p illa ry  necrosis 56 days 
a fte r immunization with rabb it tubular basement membrane. The 
p o s s ib ility  tha t th is  was a spontaneous “lesion (3.2.1) cannot, however, 
be excluded u n til s im ila r nephroimmune responses have been induced in 
other species.
3.2.3 Chemically-induced Renal P ap illa ry  Necrosis.
A diverse array o f chemicals (mostly analgesics or NSAID or th e ir  
s truc tu ra l analogues) are now known to have p a p illo to x ic  p o te n tia l, 
Table 3.5. However, the induction of renal p a p illa ry  necrosis is  
d is tu rb ing ly  irreproducib le fo r many of these agents, presumably because 
of unrecognised and uncontrolled variables.
A detailed review of the extensive lite ra tu re  on the top ic  is beyond 
the scope of th is  thes is ; i t  has been reviewed or discussed by Shelly, 
1967; Abel, 1971; Rosner, 1976; Duggin, 1977; Burry et a l. ,  1977; 
Shelley 1978; Molland, 1978a,b; Duggin, 1980 and Nanra 1980 among 
others.
The pathological course (3.2.4) and possible molecular pathogenesis
to
Pc
05c
OS
Pc
oo
05
pc
cu
E -O
d  - i -
O  CJ
d  05
•1— cu 03 •o
> d O 03 d •r~
d * o  . o •i— d O O
03 •1— N o o N 03
u 03 r — d N 03•a 03 P o d 03 OS d O
c 3 E • r - J J P E >> • *r—
03 o _Q 03 P i— 3 03 CL E c
•1— d +-> CU 03 JD C_> d 03 •I—
to E CU cu O r— ,—  . •i— •r“ c -p
0 3 d -d o 03 >> >5 X Jd 03 03
3 p— CL 03 d d d o O - 4— E
d 4— > , . d CU CU 03 X3 r— r — i—
* o •r“ X 03 J d .d Jd 3 =3 O o
t z o Q . Cl. CL CL LO CO h - 1—
<D
Jd
PO
T 3C •
03 i—  
03
CD «r—
H-t P  <C £= 
u d  cu 
z :  p
o•> Q_
CJ i—
•r- O “ >>
CO *i— c • a
CU X 03 03 •i—
CO o * a Jd c < j
I—  4-3 •i- Q . o OS * a
03 O o •i— N •i—
d  i— 03 d JD 03 o o
03 f—» •r— P •i— 03
•r~ d U CU O >> 3 d E"O CL 03 •i— c C 05 CL j D 03 . OS O
03 03 4 - E •r— 03 SZ o d 4 - c •r“ c
d  CL O 03 d 4 - -P d CU O cu E cu
03 d C 03 O 03 CL Jd d 4 - 03 XP  P CL Jd d E o CL CL o d  ■ o
to o O 4 - CL CL O to o O r—• 03 d
• I -  03 d 13 03 =5 - a 1—1 -p -P O 4 - CL
d  d CU i— p— JD c 1 cu CU 03 03 OS
•[— *p— L i. Ll CD i—i i—i s Z z
~o
03 03
r—  *p—
03 5  U
• r -  - a
P  CU 
3  P  
CU 03
a .  a
03 • r '  CU
d  I—  cu c
CU Q - d  -r -
jd  E • ! -  ,03
1— *i— 03 4—
•o  4-
O  03o  o
o25 ©3
03
d d d
•i— •r~ • i - 03
P P o d
CU 03 o 03 03
o O Nl "O J d
03 03 03 •r— CL
d d P -o E >>
LO 03 03 c •1— 03 X03 Jd Jd a> o S I o
CO d 03 a . a _ CL 03 CL CLa •r— d o3 to O
03 d •r~ O o d
d >5 . d d d d c *i— J d 03 CL
03 CL >> •1— •i— •p- •1— X CL d O
03 4 - O CL d d d d o O O d
O d •i— •I- •r- •r— •1— r— r— to P
JD i— •p- P CL C l CL CL o o CL X
03 C3 E C to to to CO 3 >> 03 03
< <C < c < *=C «=C c CQ o CD O Fr
om
 
da
ta 
pu
bl
ish
ed
 
by 
Br
uc
kn
er
 
et 
a
l. 
(1
97
4)
, 
W
ise
ma
n 
& 
Re
in
er
t 
(1
97
5)
, 
To
dd
 
et 
a
l. 
(1
97
5)
, 
Sh
el
le
y 
(1
97
8)
, 
Hu
ss
er
l 
et 
a
l. 
(1
97
9)
 
and
 
Pr
es
co
tt 
(1
97
9)
of the experimentally induced lesions (3.2.5) are considered below. 
Several important points must be h igh lighted.
The diagnosis o f chemically-induced p a p illa ry  necrosis is not easy. 
The behaviour and appearance of tes t and control animals is apparently 
normal and weight gains are s im ila r (Molland, 1978a). Changes in blood 
biochemistry have been decribed, but they are e ither tra n s ito ry  and non­
sp e c ific , or they re fle c t secondary co rtica l changes (Hardy 1970a; E l l is  
et a l . ,  1973 and E ll is  & Price, 1975).
Intravenous urograms appear normal in ra ts with an acutely induced 
to ta l p a p illa ry  necrosis (Sherwood et a l. ,  1971). Urine analysis also 
fa i ls  to give a clear cut diagnosis of p a p illa ry  necrosis. The 
e x fo lia tio n  of renal tubular ce lls  follows the administration of many 
analgesics (see Shelly, 1967), but i t  is not ind ica tive  of p a p illa ry  
necrosis per se (Davies et a l. ,  1968) and most l ik e ly  re fle c ts  a response 
to an i r r i t a n t  compound. The pattern of enzymuria is not spe c ific  fo r  
p a p illa ry  lesions (E ll is  et a l . ,  1973 and E ll is  & Price, 1975) and, in 
common with p ro te inu ria , probably re fle c ts  secondary c o rtica l changes. 
Decreased urinary osm olality (due to the destruction of the anatomical 
elements responsible fo r  concentration), lack of concentrating capacity 
and fa ilu re  to a c id ify  the urine a fte r oral ammonium ion loading are the 
only features ascribed to p a p illa ry  necrosis, but other nephrotoxins may 
produce the same response (E ll is  et a l. ,  1973; E l l is  & Price, 1975; 
Hardy, 1970a and Nanra, 1980)
Thus none of these functional changes are spec ific  ind ications of 
p a p illa ry  necrosis, and there are circumstances where apparently normal 
function is recognised (Hardy, 1970a), although i t  is l ik e ly  tha t the 
renal functional reserve capacity would f a i l  under stress such as 
in fection  or dehydration.
There are no known spec ific  biochemical markers fo r  the diagnosis of
p a p illa ry  necrosis, thus the lesion can only be established by
histopathology. The p a p illa  t ip  may, however, be missed unless
\
painstakingly careful sectioning is undertaken. This d i f f ic u l t y  is 
compounded by the re -e p ith e lia lis a tio n  of the truncated medulla when the 
necrosed area sloughs o f f .  Thus a section that appears to be an 
obliquely cut medulla may, in fa c t,  be adjacent to the remnants of a 
necrosed area (Hardy, 1970a).
3.2.3 The p a p il lo to x ic ity 'o f  analgesic and anti-inflammatory compounds 
and th e ir  s truc tu ra l analogues.
Much of the published data is c o n flic t in g , often experimental 
de ta ils  have been omitted (such as s tra in , dose regimens, routes of 
dosing, sex, age, weight e tc ), many of the find ings are irreproducib le 
(sometimes even in the same laboratory) and only a proportion o f te s t 
animals ever su ffe r from the lesion a fte r a protracted period of dosing.
3.2.3.2 The p a p illo to x ic ity  o f non-analgesic compounds. Renal 
p a p illa ry  necrosis has been induced by two related compounds which are 
s tru c tu ra lly  d iss im ila r to the "analgesic group" of chemicals.
Ethylenimine (E l, o r ig in a lly  called v iny l amine) was reported to  cause 
renal p a p illa ry  necrosis in several species by (Levad iti, 1901). Oka 
(1913) reported a h is to lo g ic a lly  ind istingu isab le  lesion tha t was 
induced by 2-bromoethanamine (BEA) hydrobromide, and suggested tha t the 
lesion was mediated v ia  the cyc liza tion  of BEA to E l, which was assumed 
to be the proximate p a p illo to x in .
Tables 3.6 and 3.7 gives the chronology of investigations in to  the 
p a p illo to x ic  e ffects  of El and BEA hydrobromide (respective ly) and gives 
the most important conclusions regarding the pathogenesis of the les ion , 
and its  consequences.
El is a powerful a lky la ting  agent, with established mutagenic 
a c t iv ity  (Ninan & Wilson, 1969), tha t has found extensive in d u s tr ia l
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applications. The chemistry and toxicology of El have been reviewed in a 
monograph, by Dermer & Ham, 1969. The tox ico log ica l e ffects p a ra lle l 
those of the a lky la ting  compounds. P a p illo to x ic ity  has only been 
described fo r  E l, although az irid ine  a lky la ting  agents (which break down 
to release El) have been reported to induce a "sustained du ires is" which
may have been caused by p a p illa ry  necrosis (Jackson & James,1963, 1965).
14The metabolism and d is tr ib u tio n  of C-EI has been reported by Wright & 
Rowe (1967) and w il l  be discussed in Chapter 7.
BEA has a number of in d u s tria l and commercial applications and is  used 
in organic syntheses. This compound cyclizes to form El especia lly  
rap id ly  under aqueous a lka line conditions (e.g. k = 3.7 x 10"^ sec~* in 
aqueous 0.3M pH 8 phosphate buffer at 35°C), Dermer & Ham, 1969. The 
pharmacological and tox ico log ica l e ffects of BEA (with the exception of 
p a p illo to x ic ity  Table 3.7) have not been studied. Nothing has been 
published on the metabolism of BEA although extensive data has been 
compiled on a lky lha lide  metabolism (Jones, 1973 and P lo tr ic k  et a l . ,
1979) and the conjugate which forms in v it ro  between the sulphydryl 
containing molecules (g lutath ione) and BEA has been investigated 
(Raftery & Cole, 1963 fo r fu l le r  discussion).
3.2.4 The Pathological Course of Experimentally-induced P a p illa ry  
Necrosis.
A clear d e fin it io n  o f the development of a lesion tha t may be induced 
by such a va rie ty  of agents, e ith e r acutely or ch ron ica lly , especia lly  
with such a d iffuse  lite ra tu re  would be expected to be d i f f ic u l t .  This 
is compounded by b io log ica l v a r ia b i l i ty ,  especia lly in ch ron ica lly  
induced systems.
Surp.risingly there are many s im ila r features between the acute and 
chronic lesions in model systems, and between these lesions and th a t 
reported in humans. Table 3.8 shows the pathological changes tha t have
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been reported to develop in the acute and chronic experimental models and 
in humans who abuse analgesics, and Table 3.9 provides a time-base upon 
which to compare these changes.
The s im ila r sequence of pathological changes in the development of 
p a p illa ry  necrosis (be i t  acutely or chonically induced, experimental or 
not) suggests that a common set of molecular events could underly these 
lesions.
3.2.5 The Molecular Pathogenesis o f Renal P ap illa ry  Necrosis.
Several theories have been postulated to explain the sequence of 
events which precedes p a p illa ry  necrosis in man and experimentally 
induced lesions in animals.
Several d iffe re n t molecular events may give r ise  to the same end 
e ffe c t, but mechanistic differences may ex is t between the acutely (El 
and BEA) and chron ica lly  (analgesic) precip ita ted lesions, although the 
pathological courses are remarkably s im ila r (3 .2.4).. In discussing 
these theories i t  is probably desirable to establish a r t i f i c ia l  
boundaries between what may be s im ila r or in te r-re la te d  mechanisms.
3.2.5.1 The Counter-current concentration mechanisms. One of the most 
o f t  c ited  mechanisms to explain p a p illa ry  necrosis is based on the 
supposition that a concentration gradient of the offending compound 
(increasing from the cortex to the pap illa ) develops as a consequence o f 
the counter-current concentration mechanism -2 .3 .2 ). This concentration 
gradient is assumed to be high enough to exert a "d ire c t"  (although never 
defined) to x ic  e ffe c t (see 3 .2 .5 .5 .) .
Such a concentration gradient (o f 10 to 1 fo r conjugated paracetamol 
and 19 to 1 fo r  free paracetamol) was found in dehydrated dogs by Bluemle 
& Goldberg (1968) and confirmed by Duggin (1975) and Duggin & Mudge 
(1976). Bluemle & Goldberg (1968) reported that neither phenacetin 
(confirmed by Duggin, 1976) nor asp irin  was concentrated, but Gault
(1971) found modest increases in medullary concentrations fo r  
phenacetin, asp irin  and paracetamol. More recently , Molland (1978a) 
showed the d is tr ib u tio n  of asp irin  (assessed by autoradiography at the 
lig h t microscopic leve l) was greater in the medulla, where i t  was 
confined la rge ly to the epithelium of the proximal tubule, p r in c ip a lly  
near the pars recta.
The discrepancies between the find ings of Bluemle & Goldberg (1968) 
and Duggin & Mudge (1976), as opposed to those of Gault (1971) and 
Molland (1978a) may re la te  to the state of hydration of tes t animals, 
species d iffe rences, or the methods used (chemical assay versus 
radiolabel d is tr ib u tio n , respective ly), but a ll are of questionable 
relevance because they were single dose studies. The autoradiographic 
d is tr ib u tio n  o f asp irin  described by Molland (1978a) is inconsistant 
with the degenerative changes seen in the in te r s t i t ia l  ce lls  (Molland, 
1967, 1978a, b). More meaningful results  may be derived from
autoradiographic studies during the course of chronic dosing.
Antipyrine has been shown (in  common with other pyralazones) to  
produce RPN (Brown & Hardy, 1968) This compound is , however, present in  
higher concentrations in the cortex than the medulla (Moffat,. 1975, 
1982) although the data needs to be confirmed by autoradiographic 
techniques.
The fa c t that dehydration favours the experimental induction of the 
lesion together with the suggested contribution o f "hot climates" to  
human p a p illa ry  necrosis (3.1.2) is thought to strengthen the importance 
of th is  mechanism. Dehydration (in  common with uninephrectomization) 
may, however, put an added stress fa c to r on the kidney. I t  seems l ik e ly ,  
although i t  appears never to have been tested, tha t dehydration (or other 
"s tress") may sensitise the kidney to a ll chemical insu lts  and not only 
medullary lesions. The argument does not hold fo r  man, who is at l ib e r ty
to maintain his state of hydration, even i f  over night water deprivation 
is more severe in hot climates. Further its  ro le in the high incidence 
of p a p illa ry  necrosis in cold climates such as Switzerland and the 
Scandinavian countries must be questioned (Rosner, 1976).
This mechanism does not in i t s e l f  explain the molecular pathogenesis 
underlying the lesion, but favours the concept tha t active counter 
current concentration exacerbates the lesion.
3.2.5.2 Medullary Ischaemia The medulla is poorly perfused (compared to 
the cortex) and functions with a re la tiv e ly  low oxygen tension (2 .1 .1 ). 
This is  assumed to predispose the p a p illa  to "anoxic in ju ry " and several 
possible mechanisms have been proposed by which a localised ishaemic 
in ju ry  might be induced chemically (see Fig. 3.1 and review by Shelley, 
1978 fo r  discussion).
The induction o f medullary lesions by vascular occlusion (3 .2 .2 .2 ) is 
assumed to support th is  concept, but stopping the blood supply to any 
organ fo r  several hours w il l  cause profound changes, especia lly in the 
kidney where vascular flow is the quintescence of renal function .
Attempts to resolve the contribution of microvascular changes to  
p a p illa ry  necrosis have given c o n flic tin g  data. There is ample evidence 
(Ham & Tange, 1969; Murray et a l. ,  1972; H il l  et a l. ,  1972, W yllie  et 
a l . ,  1972 and Solez et a l. ,  1974) to show that vascular changes p a ra lle l 
( i f  not lag behind) c e ll necrosis in the acutely induced models o f RPN. 
Thus vasoconstriction does not appear to be a p rerequ is ite . I t  is  
possible, however, tha t vasodilatation of the vasa recta might cause 
haemostasis and ischaemic in ju ry .
Extensive vascular changes have been described fo r  both the 
chron ica lly  -induced lesions in the ra t and fo r  human kidneys (Molland, 
1976, 1978a,b; Shelley 1978; Burry et a l. ,  1977; Z o llinge r, 1980 and 
Mihatsch, 1980a), but - it is impossible to be certa in  i f  these are the
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Fig. 3.1 Schematic representation o f the possible pathogenic factors 
which'may give rise  to medullary ischaemia and p ap illa ry  necrosis.
Data from Shelley (1978) and other sources.
primary cause, p a ra lle l changes, secondary e ffects or unrelated. The 
question may be resolved when chronically-induced model lesions are 
adequately contro lled (to make them reproducible) and f u l ly  
investigated.
3.2.5.3 The ro le  of renal PG in p a p illa ry  necrosis A ttention has been 
focussed on the fa c t tha t most analgesic and NSAID ( and th e ir  
analogues) in h ib it  PG synthesis, by blocking the enzyme cyclo-oxygenase 
(See Dunn, 1981 fo r  review). PG play an essentia l, but s t i l l  poorly 
understood ro le  in renal function (see 2 .3 .4 .3 ).
a) I t  has been argued (Shelley, 1978 and Nanra, 1980) th a t 
perturbation of PG synthesis might cause a reduced synthesis of PGE ,^ or 
an increased synthesis o f TXA£, e ithe r or both e ffects  would give r ise  to  
vaso-constriction and hence local ischaemic in ju ry  (3 .2 .5 .2 ). F ig .3.1.
b) The analgesic compounds may cause profound changes in renal 
haemodynamics (2.2.2) which could induce ischaemic in ju ry  (3 .2 .5 .2 ). 
S im ila rly , .the depression of PG synthesis might a lte r  haemodynamics by 
perturbating the renin or k a llik re in  systems (2 .3 .4 .3 ).
c) Perturbation of prostaglandin synthesis might a lte r  the trans- 
renal osmotic compartments (2 .3 .4 .3 ).
d) One o f the theories offered to explain the p a p illa ry  necrosis tha t 
develops a fte r prolonged fa t- fre e  d ie t (Molland, 1978a) is tha t the 
lim ited  ingestion of arachidonic acid, or its  precursors, would lead, to 
depletion of prostaglandin precursors.
e) Recently, Bray (1980) has suggested tha t PG (p a r t ic u la r ly  PGE )^ 
plays an essential ro le  in modulating the immune response. The possible 
contribution o f immunological changes to the pathogenesis o f p a p illa ry  
necrosis is considered below (3 .2 .5 .6 ).
The ro le  of altered prostaglandin metabolism in the pathogenesis of 
renal p a p illa ry  necrosis is d i f f ic u l t ,  i f  not impossible, to  assess on
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present evidence. The function of each prostaglandin in the normal
kidney is fa r  from clear (2 .3 .4 .3 ), and those substances which do in h ib it
"prostaglandin synthetase" cause several prostaglandin related e ffects 
and many e ffec ts  which are unrelated to the prostaglandin system (Fig. 
2.3, 2 .3 .4 .3 ). Thus the re la tionsh ip  between the p a p illo to x ic  po tentia l 
of various biphenyls and th e ir  in h ib itio n  of P6E synthesis (Table 3.10, 
Hardy, T .L ., unpublished observation) does not establish a cause and 
e ffe c t re la tionsh ip . S im ila rly , the decreased concentration of PGE^  in 
the renal vein of ra ts treated with analgesics (Nanra, 1980) does not
establish any more than an already proven re la tionsh ip .
The dynamics of p a p illa ry  l ip id  materials is  complex and probably 
involves several metabolic pools (2 .3 .4 .2 ). Van Dorp (1971) has 
reported tha t essential fa t ty  acid deficiency in the rabb it depressed 
inner medullary PGE£, but increased i t  in the outer medulla. Kaa (1976) 
reported tha t prostaglandin synthesis was enhanced when medullary 
s lices (from rats with essential fa t ty  acid deficiency) when incubated 
with exogenous arachidonic acid. More recently Dunham et a l . ,  (1978) 
have confirmed th is  enhanced enzymic a c t iv ity ,  but showed tha t both 
endogenous lin o le ic  and arachidonic acids were reduced in  both the 
tr ig ly c e rid e  and the phospholipid pools. Thus g rea tly  reduced pools o f 
these precursors would be the l ik e ly  rate lim it in g  fa c to r in 
prostaglandin synthesis. There were, however, (as might be expected) 
major changes in other l ip id  constituents including elevated 
pa lm ito le ic , o le ic  and homo-y - lin o le n ic  acids, decreased adrenic acid 
and a large concentration of a fa t ty  acid thought to be derived from 
20:3w9, 22:3 chain elongation. I t  is thus equally possible tha t loading 
or depletion of l ip id  constituents other than arachidonic acid might 
perturbate medullary function and cause pa p illa ry  necrosis.
S im ila r ly , those substances which a lte r PG synthesis may d isrupt
medullary l ip id  metabolism. The contribution of PGs and other l ip id  
components to the molecular pathogenesis of th is  lesion must remain 
speculative u n til methods have been developed to s p e c if ic a lly  assess 
th e ir  e ffec ts  in the medulla during both the acutely and ch ron ica lly  
induced renal p a p illa ry  necrosis.
3.2.5.4 B io log ica lly  reactive intermediates. In recent years the 
concept of m etabolically generated e le c tro p h ilic  molecules d isrupting  
c e llu la r  function by binding to "essentia l" macro- (or m icro-) molecules 
has served to explain many tox ico log ica l enigmas (see symposiums edited 
by Jollow et a l. ,  1977 and Synder et a l. ,  1981). This approach has 
c la r if ie d  much o f the genesis o f paracetamol-induced hepatic necrosis. 
(Mitchel et a l. ,  1977). The mechanism underlying th is  acute response in 
the liv e r  has been extrapolated to explain a chron ica lly  induced lesion 
in the medulla (see M itchell et a l . ,  1977). Mudge et a l. (1978) reported 
a marked depletion of renal glutathione and extensive covalently binding 
o f paracetamol (to  renal proteins) in both the cortex and the p a p illa . 
The p a p illa  had lower endogenous glutathione concentrations, and a 
slower turnover of covalently bound label than the cortex. These were 
both single high dose studies, however, where the only apparent renal 
lesion was an acute . proximal tubular necrosis in the cortex (see 
3 .2 .5 .7 ). The evidence from both M itchell et a l. (1977) and Mudge et 
a l. (1978) supports the view that metabolic activa tion  takes place in the 
kidney, although re la tiv e ly  low levels of xenobiotic metabolism occur 
compared to the liv e r  (see 2.3.4.5)
The view tha t active metabolites may contribute to renal p a p illa ry  
necrosis is given some support by the fa c t tha t asp irin  provides the 
acetyl group fo r  trans-acety la ting  macromolecules (most notably 
prostaglandin cyclo-oxygenase, Caterson, 1978); tha t BEA may cyclizes 
to ethylenimine ( Dermer ;& Ham, 1969), a potent a lky la tin g  agent
(3 .2 .3 .2 )9 and tha t cyclophosphamide has been reported to cause 
p a p illa ry  necrosis (Solez et a l . ,  1974).
The generation of a reactive intermediate and its  covalent binding to 
macromolecules does not, in i t s e l f ,  predestine ce ll necrosis. Nor does 
covalent binding explain the molecular pathogenesis per se: i t  only
suggests tha t some essential molecular function is a ltered.
A single high dose of paracetamol only induces necrosis of the 
proximal tubule. Thus the significance of covalent binding o f (a single 
acute dose ) paracetamol to the medulla must remain a matter fo r  dispute, 
because p a p illa ry  necrosis has only ever been induced over long periods 
with d i f f ic u l t y .  The binding of paracetamol to various kidney zones 
might be more meaningful i f  repeated on chron ica lly  dosed animals.
Recently, Mohandas et a l. ,  (1981) have shown tha t paracetamol 
undergoes co-oxygenation with arachidonic acid to form an active 
intermediate which binds to macromolecules. This binding was most 
prominent in the medulla.
3 .2 .5 .5 .. Chemically induced changes in intermediate metabolism as the 
underlying cause of pa p illa ry  necrosis. A number of workers have probed 
the p o s s ib ility  that the amount of pap illo tox in  is increased by counter 
current concentration to a level high enough to in h ib it  normal medullary 
metabolic functions. Davidson et a l. (1973 a,b) studied the 
incorporation o f amino acids in to  medullary proteins and showed tha t 
paracetamol caused no change on its  own, but enhanced the in h ib it io n  of 
de novo protein synthesis by s a lic y lic  acid.
Goldberg et a l. ,  1971 reported tha t high concentrations of sa lic y la te  
inh ib ited  the pentose phosphate shunt, caused a decreased c e llu la r  
concentrations of reduced glutath ione. This might predispose to the 
covalent binding of e le c tro p h ilic  molecules (see 3 .2 .5 .4 ). The e ffec ts  
o f various compounds on key aspects of anaerobic glucose metabolism have
given c o n flic tin g  data (see Shelley, 1978) probably because some studies 
were on medulla tissue and others on outer medulla and cortex tubules. 
Thus the observations of Dawson, 1972, 1975, and Szinicz et a l. ,  1979 are 
probably inapplicable to the medulla because in the former case
medullary ce lls  were absent from the in v it ro  preparations and in the 
la t te r  mixed medulla and cortex c e ll types were used. Even the use o f 
medulla s lices or ce ll suspensions would not be appropriate to 
d iffe re n tia te  between the metabolic e ffects on d iffe re n t c e ll types 
unless additional techniques are applied to solve the problem of
heterogeniety (see 7 .3 ).
3.2 .5 .5 . The contribution of immunological changes to the
pathogenesis of p a p illa ry  necrosis. Murray & Van Stowasser (1976) 
reported the f i r s t  immunological changes to occur in the cortex 7 days 
a fte r an acute p a p illa ry  necrosis had been induced. No
immunopathological changes were reported in the medulla, which might 
suggest tha t an immune response had played no part in the pathogenesis o f 
the BEA-induced lesion. The occurrence of a hyperacute immune response 
by the kidney has, however, been described (3 .2 .2 .3 ).
A number of workers have speculated on the contribu tion  of 
immunological changes to the chron ica lly  induced lesion, but evidence is  
c o n flic tin g . Hook et a l. ,  1979 raised the p o s s ib ility  that fa ilu re  of a ll 
human analgesic abusers to develop pa p illa ry  necrosis might ind icate  an 
immunological basis fo r  the disease. The possible contributions of the 
immunogenicity of sa licy la te  and several phenacetin metabolites (e.g. 
phenetidine) has been discussed by Rosner, 1976 and Dubach, 1978. Gault 
et a l. (1971), however, found no immunodeposits in the medulla or cortex 
o f patients w ith early  analgesic nephropathy.
I t  seems possible tha t immunological changes tha t take place a fte r 
p a p illa ry  necrosis, or .as a consequence of i t ,  may mediate some of the
secondary c o rtic a l changes (See Chapter 7)
3 .2 .5 .7 . Functional changes in the cortex as an underlying cause of 
renal p a p illa ry  necrosis. I t  is commonly assumed that p a p illa ry  
necrosis is caused p rim a rily  by a d ire c t e ffe c t on one or more of the 
elements of the medulla (see 3.2.5.1 to 3 .2 .5 .6 ). The nephron is , 
however, a h ighly structured and ordered array of ce ll types, each o f 
which shows inter-dependance on the functioning of other ce ll types. I t  
is thus possible tha t an altered function (without le tha l consequences) 
in one ce ll type in the proximal part of a nephron could have profound 
secondary e ffects on a more d is ta l c e ll population. This might manifest 
as a pathological lesion.
The concept appears never to have been probed, but would, fo r  example, 
explain many of the anomalies associated with th is  lesion. A precedent 
fo r  th is  is the previous fa ilu re  to recognise p a p illa ry  necrosis 
(Darmady & Mclver, 1980 and McCormack et a l. ,  1981) as the underying 
cause of diphenylamine-induced cys tic  kidney (Hardy 1970a,b and 1974). 
Recent, unpublished, data to support the possible in te r-re la tio n sh ip  
between les ion-free nephron functional changes and th is  nephrotoxic 
lesion is presented in Chapter 7.
CHAPTER 4 95
MATERIALS AND METHODS
The reagents employed fo r  these studies were commercially available 
grades of the highest p u rity , generally ana lytica l or equivalent. 
Details re la tin g  to additional p u rific a tio n  steps w il l  be provided where 
applicable. The source of specialised chemicals w i l l  be given in the 
relevant section the f i r s t  time each compound is referred to .
D is t il le d  water was not passed through a mixed bed deioniser.
4.1 EXPERIMENTAL ANIMALS
Animals used in these investigations were Wistar ra ts from the 
University of Surrey stock, (unless otherwise stated). Weight range and 
sex w il l  be given under the relevant experimental sections.
Animals were randomly assigned to treatment groups, and were allowed 
a period of 4 to 7 days to acclimatize to th e ir  new environment. The 
rats were housed in translucent "shoe box" type cages and bedded on 
ethylene ox ide -s te rilized  so ft wood shavings (Lee & Son, Chertsey) which 
were changed weekly. The cage density did not exceed 10 ra ts of up to  
250g fo r  a 14"W x 24"L x 11"D cage and 8 weanling rats (up to 80g) per 
10"W x 16"L x 6"D cage. The rats were handled regu la rly  during the 
course of the acclim atization period to minimise stress responses during 
investigations (see Gartner et a l . ,  1980).
Animals were kept in a s t r ic t  12 hour lig h t/d a rk  cycle ( l ig h t  cycle 
s ta rting  at 0700h GMT) and a ll metabolic co llec tion  studies were 
conducted under the same conditions except where the experimental 
protocol demanded tha t specimen containers were changed in the "dark 
period". One 100 watt lamp was used only fo r the duration of such
manipulations (5 to 10 min). I t  is ,  however, standard animal house 
practice tha t cages o f animals treated with carcinogenic (e.g. 3- 
methylcholanthrene) or radioactive materials be le f t  in an area with a 
continuous 24 h lig h t period.
Animals were given tap water ad lib itum  (unless otherwise stated) and
r
maintained on Lab Diet 1 (Spratts, Barking) ra t cubes or Lab Diet 2 
(Spratts, Barking) powdered d ie t (unless otherwise stated).
4.1.1 The Marking and Dosing of Animals
The methods used fo r marking rats depended on the type of 
investiga tion  and its  duration. Waterproof marking pens were used to 
provide unambiguous id e n tif ic a tio n  on the ta i ls  fo r short-term  
investigations of up to 72h. For experiments of longer duration the 
groups or ind iv idua l rats were marked, normally during the
acclim atization period, by "ear-notching" with scissors or a punch 
(Junior punch; Brookwick, Ward & Co., London).
The BEA (BDH, Poole) used fo r  dosing rats was made up fre s h ly
(dissolved in 0.9% (m/v) NaCl) and used w ith in  5 to 10 minutes. Animals 
were dosed between 0900 and 1100 h; unless otherwise stated. Details fo r  
the preparation and dosing o f other compounds w il l  be given in the
relevant experimental, section
4.1.2 Metabolic Studies
Two types of metabolic studies were undertaken.
4.1.2.1 Total metabolite co llec tions . Urine, faeces and exhaled a ir  
containing ra d io a c tiv ity  were collected from ind iv idua l adult ra ts , 
or ,pairs o f weanling ra ts , housed in Metabowls (Jencons, Hemel 
Hempstead) where food cubes, and water were available ad lib itu m
throughout. The animals were acclimatized fo r  24h before the experiment 
with the vacuum a ir  pumps running. No pre-cage CC^  traps containing soda 
lime were used in any of the experiments. A ir was drawn through each
Metabowl at the rate of 350-400mL/min, and through three traps, the f i r s t  
containing 1N-HC1 (fo r  exhaled basic substances) and the second and 
th ird  containing 2N-NaOH fo r trapping CO^ . Spontaneously voided urine 
was collected at 4, 8 and 12h, then at 24, 48 and 72h, unless otherwise 
stated. Volumes were measured, recorded and aliquots taken fo r  
analysis, (see 4.3.1) and the remainder stored at -20°C u n t il analysed, 
(see 4 .3 .2 ). Both urine and faeces were collected in glass containers 
cooled to 0°C fo r  the duration o f the study.
Exhaled metabolic products were drawn through three Dreschel bo ttles 
in series. The to ta l basic metabolite exhaled in 24h was trapped in 
lOOmL o f 1N-HC1 (a prelim inary experiment showed tha t there was no carry 
over in to  a second HC1 trap ). At the end of each 24-hour co lle c tio n  
period the volume was reconstituted to 100 mL with d is t i l le d  water (to  
compensate fo r  evaporation) mixed and an a liquot taken fo r  analysis (see 
4 .3 .1 ). The f i r s t  Dreschel b o ttle  was recharged with lOOmL 1N-HC1 fo r  
the next co llec tion  period.
The to ta l (X^ was s im ila r ly  assessed in the second Dreschel b o ttle  
containing 2N-NaOH. The volume was re-constitu ted to 100 mL, mixed and 
an a liquo t taken fo r  analysis, (see 4 .3 .1 ). The th ird  b o ttle  of NaOH 
was moved to position “ two" and fresh a lka line  (lOOmL) added to the 
Dreschel b o ttle  in the th ird  pos ition .
4.1.2.2 Selective metabolic studies. Urine and faeces co llec tion  was 
undertaken e ithe r in a "Metabowl" as described above (4 .1 .2 .1 ), where 
the "bowl" was covered with a mesh l id  or, s im ila r ly , in a Techniplast 
metabolic cage (code 1700872 Forth-Tech Services, Dalkeith, Scotland). 
Water and food (unless otherwise stated) were available throughout ad 
lib itu m .
Spontaneously voided urine was collected at 4, 8, 12, 24, 48 and 72h 
and faeces 24-hourly fo r  72h as described above (4 .2 .2 .1 ), unless
otherwise stated. Urine (4.3.1) and faeces (4.3.2) were analysed as 
described.
4.1.3 Surgical Procedures
Surgical manipulation of experimental animals has provided an 
essential too l in 1 ife-sciences research. In accordance with Home 
O ffice requirements these were e ith e r :-
A) conducted under "licence alone", in which case animals were 
maintained under 'su rg ica l' anaesthesia fo r the duration o f the 
procedure, a fte r which they were k ille d  by an excess of anaesthetic or a 
massive iv  a ir  embolism, or
B) under one of several "B C e rtif ica te s ", in which case animals were 
allowed to recover from an aseptic surgical procedure.
4.1.3.1 Anaesthetlsation and preparation. Rats were anaesthetised by 
the ip administration o f l.OmL/kg Sagital (Hexobarbitone BP fo r  
in jec tion  60 mg/mL; May & Baker, Dagenham). Experience made allowances 
fo r  varia tions from th is  dose depending on pretreatment. Before 
surgical anaesthesia was reached animals were shaved, i f  applicable, 
using a number 40 blade on an Oster Clipper (Brookwick, Ward & Co., 
London). Once a surgical plane of anaesthesia had been reached animals 
were positioned on a surgical p latform , the s ite  of inc is ion  cleaned w ith 
70% (v /v) ethanol, and the f i r s t  inc is ion  made. Surgical anaesthesia was 
assessed by absence of a tw itch or withdrawal response to pa in fu l s tim u li 
(pin prick or pinch with forceps to foo t or t a i l ) .  A ll surgical 
instruments used under c e r t if ic a te  B procedures had been s te r i l is e d  in 
bo iling  water fo r at least 30 min or autoclaved p rio r to use.
The duration of anaesthesia was normally 2 to 3 hours, and, as such, 
adequate fo r surgery from which animals were to recover. The depth of 
anaesthesia was tested every 10 to 15 min in acute experiments, and 
between 0.05 and 0.10 mL of Sagital added to the peritoneal ca v ity  (at
in te rva ls  based on experience) to maintain anaesthesia fo r  up to 5 hours. 
The estimated f lu id  loss was replaced in trape rito n ea lly  with s te r i le  
pyrogen-free 0.9% (m/v) NaCl.
4.1.3.2 Acute B ile  Duct and Bladder Cannulation. Animals prepared as 
descibed above were opened by a m id-line inc is ion to expose the bladder 
and liv e r .  The b ile  duct was ligated near i ts  junction with the 
duodenum, and pancreatic tissue was removed by blunt d issection, taking 
care to cause as l i t t l e  bleeding as possible.
The bladder was cannulated through a small m idline inc is ion  between 
the major blood vessel systems. The cannula consisted of a length of 
polythene tubing (800/100/300; Portex, Hythe) tubing f i t te d  in to  a 4.0mm 
0D,2.0 mm ID Tygon tube. The Tygon tubing made i t  easier to secure the 
cannula in to  the bladder with a double s ilk  lig a tio n  around the w a lls . 
The bladder cannula was positioned so that flow was unimpeded, and the 
open end placed in a receiving vessel on one side of the animal. The now 
distended b ile  duct was cannulated using a polythene tubing (800/100/100 
or 800/100/160; Portex, Hythe) tubing described by Ross (1972). The 
cannula was positioned so tha t b ile  flow was unimpeded and led to a 
suitable receptacle^'. Both the urine and b ile  cannulae were kept in 
position by Cellotaping. The abdominal cav ity  was covered by surgical 
grade cotton wool soaked in 0.9%(m/v) NaCl, and f in a l ly  by Parafilm . 
Intravenous in jec tion  and withdrawals were made via  the r ig h t external 
jugu lar exposed as described below (4 .1 .3 .5 ). The body temperature was 
maintained by positioning a 100 Watt lamp about 15 to 20 cm above the 
ra ts .
4.1.3.3 U nila tera l P a rtia l Papillectomy. A number of techniques have 
been described fo r  undertaking a p a rtia l or complete papillectomy. Most 
in te rrup t the blood supply to the kidney and then remove the p a p illa  (or
medulla) v ia  an inc is ion  in the cortex, which is stitched before the flow  
of blood is resumed. These techniques have always caused ischaemia, 
blood loss and scarring o f the renal cortex and medulla. Hardy (1970b) 
avoided these d rastic  consequences by taking advantage of the fa c t tha t 
the p a p illa  protrudes in to  the renal pe lv ic  cav ity  in young ra ts , and 
developed a technique which is simple, rapid and atraumatic.
Rats weighing less than 80g were anaesthetised (4 .1 .3 .1) and the le f t  
kidney exposed through a paralumbar inc is ion . The kidney was supported 
in 0.9%(m/v) NaCl soaked gauze throughout the procedure. The rest o f the 
operation was undertaken with the aid of a stereo-microscope. The 
peritubu la r fa t  was removed by blunt dissection (Fig. 4.1a) to expose the 
renal pe lv is  leading in to  the ureter. The p a p illa ry  t ip  was exposed 
through a l-2mm long itud ina l inc is ion  made in the ureter (F ig. 4.1b)
using a razor blade fragment held in a Dixey Hoskins holder (Dixey & Co.,
/
London). The papillae was exteriorised (Fig. 4.1c) using gentle 
pressure from the supporting face of a modified A llen 's  conjunctiva l 
f ix a tio n  forceps (John Weiss, London) and the p a p illa  was resected by 
closing the sharpened cutting face on i t  (Fig. 4 . Id ). Sham operation 
animals had the p a p illa  exposed and manipulated, but not resected. The 
release of gentle pressure allowed the medulla stump to withdraw back 
in to  the pe lv is and the two cut faces of which come in to close p roxim ity, 
Hardy has found (personal communication) that the inc is ion  heals ra p id ly  
without suturing. The kidney was returned to the abdominal ca v ity , 
approximatTy^ 2mL of 0.9% (m/v) NaCl was placed in the peritoneal ca v ity , 
the peritoneal walls were sutured with 4/0 catgut (Chromic; Ethicon, 
Edinburgh) and the body wall closed with 12mm Michel c lip s  (Down 
Surgical, London). The whole procedure can be completed in 5 to 7 min. 
The wound and area around i t  was sprayed with Nobecutane (BDH 
Pharmaceuticals, London). No a n tib io tic  coverage was given.
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Fig. 4.1 Schematic representation o f the surgical procedure fo r  
un ila te ra l p a r t ia l  papillectomy. Shown are a: c lea ring  o f  the
renal pe lv ic  and ure ter o f  t issue , b: exposing the p a p i l la  through 
an in c is io n  in  the u re te r ; c: the e x te r io r is a t io n ,  and d: resection
o f  the p a p i l la .
4.1.3.4 Uninephrectomization U nila tera l nephrectomization was 
undertaken on p a r t ia l ly  papi Hectorin'zed animals (4.2 .3 .3) a fte r a 21 
days recovery period. Rats were prepared as described and e ithe r the 
le f t  (normal) or r ig h t (p a r t ia lly  papillectomized, or sham operated) 
kidney exposed through a paralumbar inc is ion , freed from the adjacent 
tissue and the venous and a r te r ia l supply, together with the u re te r, 
liga ted with 2/0 s ilk  (M ersilk; Ethicon, Edinburgh) close to the kidney. 
A second lig a tio n  was undertaken a few m illim etre  away from the kidney 
and vessels between the two liga tures cut. The whole kidney and i ts  
adrenal gland was removed. The surgical procedure took less than 5 
minutes.
The inc is ion was closed and the wound treated as described above,
(4 .1 .3 .3 ). Animals were allowed a 7 to 9 day recovery period before they 
were used fo r  subsequent investigations.
4.1.3.5 Chronic Venous Cannulation. One of the most fundamental 
drawbacks to in vivo studies on rats is the in a c c e s s ib ility  o f the 
vascular supply fo r m ultip le  additions or withdrawals (Migdalof, 1976). 
Chronic cannulation is , in p r in c ip le , a stra ight-forward procedure, but 
suffers from a bad reputation because of high fa ilu re  rates caused by a 
host o f minor manipulative and post operative d i f f ic u l t ie s .  These can, 
however, be minimised and many ‘ simple1 approaches have been described. 
The method chosen was a m odification of tha t used by Steffens (1969) and 
that described by Gellai & V a ltin  (1979).
Animals were prepared as described (section 4 .1 .3 .1 ). An inc is ion  
was made over the r ig h t external jugu lar vein to expose i t  in the region 
of the c la v ic le . A 16 gauge b lunt-tipped trochar was passed under the 
skin, behind the neck and exterorised, through a small in c is io n , m idline 
about *5mm behind the base of the s k u ll. The cannula (described below) 
was threaded through the trochar which was then removed. Two small dumb­
be lls  (made from polythene tubing, 800/100/360; Portex, Hythe) fla red  at 
both ends by flam ing, were threaded onto the cannula. These serve, to 
prevent kinking of the tubing by allowing the cannula to be tied  to 
adjacent fascia  (without running the r is k  of occluding the tub ing).
The implanted portion of the cannula was made from s ila s t ic  medical 
grade tubing (0.25in ID, 0.47in 0D, Cat. No. 602-155; Dow Corning Corp., 
Michigan) with the t ip  cut at an angle of about 45°. This was joined to a 
length of Tygon Micro-Bore tubing (0.51mm ID 1.52mm OD; Norton Co., 
Ohio). The “ jo in "  was made by softening and expanding the s ila s t ic  
tubing in toluene fo r  10 min, ca re fu lly  s lid in g  the Tygon tubing in to  i t  
and allowing the s ila s t ic  tubing to shrink to normal diameter when 
toluene evaporated. At least 72h elapsed before the cannula was used. 
I t  was s te r ilis e d  in 70% (v/v) ethanol before use, and stored in s te r i le  
0.9% (m/v) NaCl.
The cannula, was f i l le d  with saline and the ra t strapped supine to the 
operating platform . A small wad o f cotton wool was placed behind the 
head (to arch the neck upwards, and make entry of the cannulae easier) 
and the external jugu lar vein was cleared of overlying connective tissue 
by wet, blunt d issection. Two s ilk  ligatures were positioned around the 
vessel. The anterior one was used to lig a te  the jugu la r vein, and the 
cannulae inserted through a small incision cut in the vessel with 
microscissors, the tubing was advanced and positioned in the r ig h t 
atrium and secured with the posterior t ie .  The an terio r liga tu re  was 
used to secure one dumb-bell, the second dumb-bell being secured to the 
fasc ia  of the neck.
The free flow of blood from the cannulation was checked before the 
inc is ion  on the neck was sutured (see 4 .1 .3 .3 ), and again a fte r the 
exteriorised Tygon tubing had been secured to the fasc ia  at the back of 
the neck, and f in a l ly  a fte r the dorsal inc is ion had been sutured.
The exterio rised cannula, was cut short enough to prevent the ra t from 
gripping i t ,  but long enough to handle (about 2 cms) and plugged with a 
small "9" shaped stainless steel wire.'
Rats were housed in d iv id u a lly , and the effectiveness of the cannula 
maintained by flushing with 0.05mL s te r i le  0.9% (m/v) NaCl every 24 to 
48h. The wounds were inspected d a ily  fo r 5-7 days.
4.2 HISTOLOGICALLY RELATED TECHNIQUES
4.2.1 Routine Histology.
Rats were anaesthetised using ether and k ille d  by exsanguination, 
unless otherwise stated. The kidneys were dissected free and trimmed 
s a g ita lly  above the plane of the p a p illa  to give a "s lic e "  of tissue 4 to 
6 mm th ick  fo r  f ix in g . S im ila r ly  s lices of tissue 4 to 6mm th ick  from 
other organs were fixed in phosphate buffered neutral 10% (v/v) 
formaldehyde fo r  at least 18h and up to 7 days. The fixed tissue was 
dehydrated in increasing concentrations of ethanol, transferred to 
toluene and thence.to wax (Fibrowax; Lamb, London) in a H istokinette  
(B r it ish  American O ptical, Slough). Sections of 7 pm thickness were 
cut on a Spencer 820 microtome (B rit is h  American O ptica l, Slough) and 
processed fo r haematoxylin and eosin (H&E) according to Pearse (1972). 
Other sta in ing procedures undertaken according to Pearse (1972) were 
PAS, Diasterase - PAS, and Schmoels. A ll sections were mounted under 
covers lip s  with DPX (Lamb, London).
4.2.2. Mucopolysaccharide Staining
Prolonged fix a tio n  was found to cause leaching of mucopolysaccharide 
material from the renal p a p illa . The sta in ing d is tr ib u tio n  was only 
s im ila r to cryostat sections i f  the kidneys were fixed in formal (4 .2.1) 
fo r  18 to 26h.
4.2.2.1 Toluidine blue metachromasia. The highly charged nature of 
muco-polysaccharides cause a metachromatic s h if t  from blue to e ith e r
red, pink or purple.
The Toluidine blue (Cl 52040, Lamb, London) was made up as a .0.1% 
(w/v) solution in 0,1 M-acetate bu ffe r, pH 3.5. ‘
Cryostat sections were fixed in acetic acid ethanol and wax sections 
were taken to water, the sections were stained fo r  30s, rinsed in 
d is t i l le d  water, b lotted dry, cleaned in xylene and f in a l ly  mounted 
under coverslips with DPX.
4 .2 .2 .2 . Alcian blue sta in ing Wax sections were taken to water, 
stained in 0.5% (m/v) Alcian blue (Cl 74240, Lamb, London) in 3% (v /v) 
aqueous g lac ia l acetic acid fo r 30 to 60min, rinsed in running tap water, 
counterstained in 1% (m/v) aqueous Neutral red (Cl 50040; Lamb, London) 
fo r  1 min, washed in tap water, taken rap id ly  to 100% (v/v) alcohol, 
cleared and mounted, as above (4 .2 .2 .1 ). Acid mucopolysaccharide stains 
green-blue and the ce ll nuclei sta in  red.
4.2.2.3 Safranin 0 metachromasia. The metachromasis of Toluidine blue 
is la rg e ly .lo s t in non-aqueous synthetic mounting resins and Toluidine 
blue, Alcian blue and Neutral red are very alcohol soluble, thus sta in ing 
may be substan tia lly  reduced during dehydration.
Shepard & M itchell (1976) have described the advantages o f using 
Safranin 0 fo r proteoglycan sta in ing . Wax sections were taken to water, 
stained in 0.1% (m/v) Safranin 0 (Cl 50240; Lamb, London) fo r  2 min, 
rinsed, dehydrated, cleared and mounted (4 .2 .2 .1 ). Proteoglycan sta in  
orange and non-polyanionic material appears red.
4.2 .2 .4 . Hale's co llo id a l iron s ta in ing . Collo idal iron is chaelated by 
polyanionic groups and th is  is demonstrated by the Prussian blue 
reaction (Hale, 1946).
Wax sections were taken to d is t i l le d  water, flooded with dialysed 
iron (BDH, Poole): 2M-acetic a c id ::1 : l ( v / v ) , fo r  10 min, rinsed in 
several changes of d is t i l le d  water, flooded with equal parts of 2% (m/v)
potassium ferrocyanide and 2% (v /v) hydrochloric acid (both made in 
d is t i l le d  water) fo r  10 min and rinsed in several changes of d is t i l le d  
water. The sections were then counter stained with 1% (m/v) Neutral red, 
washed, dehydrated, cleared and mounted (4 .2 .2 .2 ). Acid 
mucopolysaccharide stained blue and ce ll nuclei sta in  red.
4.2.3 Cryostat Sections of Tissue
Animals were k ille d  by cervical frac tu re , opened by a m idline 
inc is ion  and the kidneys rap id ly  but ca re fu lly  removed. The mass of 
tissue was reduced by removing both p e r ih ila r  poles and sa g itta l face 
above the place of the p a p illa  with a blade. The tissue was "snap 
frozen" in petroleum-free hexane which had been pre-cooled to -70°C in a 
so lid  ^ -m e tha n o l s lu rry  (Chayen et a l. ,  1973) . Segments o f l iv e r  
about 5-8mm cube were s im ila r ly  "snap frozen" Tissue samples were 
removed from the hexane (with insulated forceps pre-cooled to -70°C) and 
stored on so lid  CC^  in a ir t ig h t  glass containers (lined  with absorbent 
paper) precooled to -70°C. Tissue blocks were mounted on metal chucks 
(so tha t the cu tting  place was p a ra lle l to plane of the p a p illa  ) using 
Tissue-Tek I I  (Lamb, London) and le f t  fo r  4 to 6 hours (or overnight in  
a ir  t ig h t containers) to equ ilib ra te  with the cyrostat cabinet 
temperature (-20 to -30°C). Sections were cut in a Bright Cyrostat 
cabinet on Cambridge rocker microtome with a blade angle of 12° and the 
a n t i- ro ll plate set optim ally. The blade was not cooled with so lid  CO .^ 
The kidney blocks were trimmed to the region of the p a p illa  (determined 
by in te rm itte n t microscopic examination of Toluidine blue stained 
sections, (see 4 .2 .2 .1 ), then 10 to 20 sections of 10 pm were cut and 
"flash  evaporated" onto microscope slides at room temperature. Slides 
were stored below - 20°C u n til used.
4.2.4. Assessment of renal m icrovascularity
The functional in te g r ity  of kidney m icro-vascularity was assessed
using the iv  co llo id a l carbon technique. Drawing ink provides a 
convenient source of co llo id a l carbon, but contains several undesirable 
constituents .such as phenols (Hardy, T .L ., personal communication). 
These were removed by the d ia lys is  of 20 mL Rotring drawing ink (Rotring 
Werke, Hamburg) against four changes of at least 400 volumes of 0.9% 
(m/v) NaCl over a 96-120h period at 5 to 8°C. A fter the d ia lys is  period 
the volume had increased substan tia lly  because of the oncotic pressure 
of the co llo id a l carbon.
The resu lting  solution was centrifuged at 3500 rev./m in. fo r 20min. 
(to remove the larger pa rtic les  of carbon or aggregates) and stored at 5 
to 8°C fo r  no longer than 72h. Rats that had been ch ron ica lly  cannulated 
(4 .2 .3 .5) 72h before the administration of BEA were in jected with 2.0mL 
of the co llo id a l carbon solution at 37°C over a 2 min. period) at 3, 6,
12 and 24h and k ille d  immediately by cervical d is loca tion . The bladder
and kidneys were removed, trimmed and fixed fo r 24h in phosphate buffered 
form al.
One kidney and the bladder was processed fo r  routine h isto logy
(4.2.1) and the other kidney was prepared fo r  th ick section cu tting  in 
c e llo id in  (4 .2 .5 .) .
4.2.5. C e llo id in  Embedding, Blocking and Sectioning
This procedure was adapted from Culling (1974) the kidneys to be 
mounted in c e llo id in  were fixed fo r 24h, dehydrated and transferred to 
ethanol (abs.): d ie thy l ether ::1 :1  (v/v) fo r  24h. The tissue was taken 
through a graded series of c e llo id in  (dissolved in e thano lid ie thy le ther) 
at concentrations o f 2%, 4% and 8% (m/v); 7 days were allowed fo r
impregnation at each concentration.
Following the impregnation period the tissue was placed in s ilic o n  
rubber moulds and covered with fresh 8% (m/v) c e llo id in , which was 
"topped-up" as necessary. The hardening of these blocks was undertaken
in a desiccator (housed in a fume cupboard), where contro lled and even 
evaporation o f the ether was accomplished by removing the top in the l id  
during the day, but closing the system overnight to allow the ce llo id in  
to re -e q u ilib ra te . This process was continued u n til the ce llo id in  was a 
hard rubbery consistency, at which stage a wooden block with a roughened 
face (to  be held in the microtome chuck) was stuck to the block with 8% 
c e llo id in . A fte r a few days the ce llo id in  blocks were hardened in 70% 
(v/v) ethanol overnight. Blocks and sections were subsequently stored 
in 70% ethanol .
Sections of 100 ym were cut on a sledge microtome (R iechert, 
Austria) with the kn ife  at an angle of 9° to the horizon ta l, and the 
cu tting  edge set to an angle of about 45° to the d irec tion  of movement. 
The block was positioned so tha t one corner was f i r s t  to meet the blade. 
The block, kn ife  and cut section were kept flooded with 70% ethanol at 
a ll times.
Suitable sections fo r mounting were selected under a stereo- 
microscope, softened in absolute alcohol fo r  30s, placed on a s lid e , the 
edges "teased out" (to  prevent kinking) and the s lide  flooded several 
times with xylene saturated with phenol, to clear the section. The 
remaining phenol was washed out of the section with xylene, and the 
section mounted under a cover s lip  with a large quantity of DPX.
4.2.6. Autoradiography at the Macroscopic and Microscopic Levels
These studies were undertaken at Ciba-Geigy Research Laboratories 
with the assistance and co-operation of Robin Christian and John Baker.
Rationale The d is tr ib u tio n  of water soluble d iffu s ib le  m aterials can 
be assessed (provided they are radio labe lled) by rap id ly  freezing tissue  
(to prevent or reduce transloca tion), cutting sections of the frozen 
material which are then placed in intimate contact with a photographic 
emulsion. The radiation from the immobilised material produces a
d is tr ib u tio n  pattern of s ilv e r  grains.
Despite th is  simple p rin c ip le  autoradiography is a most complex 
technique, the theory and practice of which have been described by Roth & 
Stumpf (1969) and Rogers (1979 a,b).
4.2.6.1 Whole body autoradiography. Whole body autoradiography was 
undertaken using the approach developed by Ullberg (See Larsson & 
U llberg, 1981). Animals were k ille d  (by cervical d is loca tion) and 
frozen in a large volume of hexane-solid CC^  mixture at -70°C fo r  30 
minutes. The legs and t a i l  were removed and the animal mounted in a 
th ick  s lu rry  of carboxymethylcellulose which was allowed to freeze 
overnight. The mounted carcass was trimmed down to approximately the 
level required fo r  sectioning (using a rough kn ife ) in a Brights Model 0T 
whole-body cryostat (B rights, Huntingdon) at -15°C. Final sections were 
cut with a tungsten-carbide tipped kn ife . Before each section was cut 
Scotch tape No 810 (3M) was f irm ly  applied to the surface, to support the 
section and to fa c i l i ta te  autoradiography. The tape was attached to a 
metal frame and the sections le f t  to freeze dry at -15°C to -30°C 
(normally overnight).
The dry sections were applied to sheets of U ltra film  (LKB, Croydon) 
in a dark room. The intimacy of contact between the emulsion and section 
was increased by the use of a "pressure device" and the autoradiograph 
was exposed at -10°C to -20°C fo r  7 to 20 days.
The adhesive mounted section was separated from the f i lm  (in  the dark) 
under water, so as not to generate s ta tic  e le c t r ic ity .  The f i lm  was 
developed in D19 (Kodak, Hemel Hempstead) at 20°C fo r  4 min, passed 
through a 1% (v/v) acetic acid stopbath fo r  1 min, fixed in Hypam 
( I l fo rd ,  Mobberly, Cheshire) fo r 10 min, washed thoroughly and dried. 
The sections were placed in phosphate buffered form alin (pH 7.4) fo r  4 
min, washed and dried. -
4 . 2 . 6 . 2  A u t o r a d i o g r a p h y  o f  d i f f u s i b l e  s u b s t a n c e s  a t  t h e  m i c r o s c o p i c
le v e l. The technique used was essen tia lly  that of Appleton (1964). 
Clean dry microscopic slides were prepared (see Rogers, 1979b) with 
e ithe r "dipping f ilm "  emulsion (Type K2 or Type K5, I l fo rd ,  Mobberley, 
Cheshire) on one side, or covered with "s tripp ing  f ilm "  (Type AR.10; 
Kodak, Hemel Hempstead), with the emulsion upwards, in the dark room. 
Slides were le f t  to dry and packed in to lig h t-p ro o f boxes, each 
containing a small amount of s i l ic a  gel dessicant.
Rats were dosed with radioactive labelled or non-labelled material 
and k ille d  at the prescribed times. The kidneys and portions o f l iv e r  
were removed, prepared and frozen (as described above 4.2.3) and mounted 
on microtome chucks, which were le f t  to equ ilib ra te  at - 30°C while the 
kn ife  angle, a n t i- ro ll bar position and temperature of the kn ife  were 
optimised.
The frozen kidney blocks were trimmed down to  that level which 
included the p a p illa  t ip ,  and a section of 10 pm was flash evaporated 
onto a s lid e , fixed  in absolute ethanol, stained with Toluidine blue and 
assessed fo r : -
a) morphological in te g r ity  (lack of ice crysta l damage), and
b) s u ita b il i ty  fo r  autoradiography ( i .e .  ensuring tha t the section
included the p a p illa  t ip ) .
Sections fo r autoradiography were cut in the dark, aided only by a 
sa fe ligh t positioned to re fle c t o f f  the kn ife  blade. The s lid e s , each 
with preformed emulsion layers (pre-cooled to - 20°C) were removed from 
th e ir  lig h t-p ro o f box, and touched gently on the section hanging from the 
kn ife  edge. The section was thus transferred from the kn ife  to  the 
s lid e , where i t  associated closely w ith the emulsion layer. At th is  
point two precautions are essen tia l:-
a) the emulsion layer is very sensitive to mechanical impact which
may cause arte factua l s ilv e r  deposits, and j
b) the slides must be at a temperature approximately the same as the 
tissue to ensure that there is no thawing (and hence translocation of 
water soluble substances) during the mounting phase as is the case fo r  
"flash  evaporation" (see 4 .2 .3 .) . The success of the mounting is 
apparent by the absence of a "condensation fro s t"  on the kn ife  a fte r a 
section has been transferred to an adequately pre-cooled s lid e .
Slides carrying s e r ia lly  cut sections were d is tribu ted  between 3 or 4 
lig h t-p ro o f boxes; thus only one box was opened at the end of each 
exposure in te rva l (see below). The procedure fo r cu tting  and mounting 
sections was repeated fo r  each tissue, ensuring tha t a ll slides were 
protected from accidental exposure to l ig h t .  The chemical under 
investigation or i ts  metabolites, or other endogenous chemicals in the 
tissue may cause two types of a rte facts , the occurrence of which can only 
be assessed using tissue tha t is free of ra d io a c tiv ity :-
a) Positive chemography occurs when a chemical in the section causes 
s ilv e r  deposits (which would be assumed to be caused by ra d io a c tiv ity )  
and,
b) negative chemography is apparent when a chemical in the section 
prevents or removes radionucleotide-induced s ilv e r  grain deposits. 
Therefore sections from tissue treated id e n tic a lly , but with no label 
were employed as positive  chemography controls and negative chemography 
was assessed by mounting non-radioactive sections on emulsion tha t had 
been uniform ly fogged by exposure to lig h t.
Radiolabelled and control sections were stored in a lig h t-p ro o f box 
(containing s il ic a  gel) sealed with black p la s tic  tape and exposed at - 
20°C fo r  10 to 40 days.
At the end of each exposure period boxes were allowed to warm to room
temperature and the tissue fixed in 5% (v/v) acetic acid in ethanol, fo r  
2 min, washed in running tap water fo r  4 min. and processed as shown 
below:-
a) developed using D19 (Kodak, Hemel Hempstead), 5 min at 18°C,
b) stopped using 1% (v/v). acetic-acid , 1 min at 18°C,
c) fixed in 30% (m/v), sodium th iosu lpha te ,*10 min at 18°C,
d) washed in running tap water, 10-15 min at 18°C,
e) a ir  dried in a dust free place
The sections were strained with e ithe r Toluidine blue or Haematoxylin 
and Eosin as described above (see 4 .2 .1 ). A ll reagents had been pre­
f i l te re d  to prevent 'g ro t ' which might be confused with s ilv e r  grain 
deposits. The stained sections were mounted under cover s lip s  w ith DPX.
The d is tr ib u tio n  of s ilv e r  grains was assessed under transmitted and 
incident d a rk -fie ld  illum ina tion .
4.3 HANDLING AND MEASUREMENT OF RADIOACTIVITY
14The two radio-isotopes used fo r  these investigations were C and
35S. Departmental safety rules and good laboratory practice were 
adhered to throughout.
R ad ioactiv ity  was quantitated by liq u id  s c in t i l la t io n  counting using 
e ith e r :-
A) Ultrabeta Model 1210 (LKB, Croydon)
B) Rackbeta Model 1216 (LKB, Croydon), (both re frigera ted)
C) a Packard PRIAS (Packard, Caversham).
Polyethylene m in i-v ia ls  (Beta-Vials; Hughes & Hughes, Romford) were 
used* fo r counting injected labe l, acid and a lka line  breath trap 
a liquots, urine, b ile  and column eluents. M in i-v ia ls  were also used fo r  
counting eluted samples from t . l . c .  separations. Glass v ia ls  (standard 
volume, low potassium, Beckman, High Wycombe) with polyethylene inserts 
were used fo r digesting samples of tissue and faeces fo r  subseqent
counting.
The counting e ffic ie n cy  was determined fo r each liq u id  s c in t i l la t io n  
counter, type of v ia l,  liq u id  s c in t i l la t io n  cockta il (see below) and 
each type o f homogeneous system using commercially prepared in te rna l 
standards described by Reunanen & Soini (1974) and Gordon (1980) 
containing water soluble material (LKB-Wallac, cat 12/0-123; LKB,
oc
Croydon). The counting e ffic ie n cy  fo r  S was determined using 50 yL 
aliquots of calibrated d ioc ty l sulphide (Amersham In te rna tiona l, 
Amersham).
Two detergent based liq u id  s c in t i l la t io n  cockta ils were used. The 
Synperonic NXP:toluene::1:2 (v /v) cockta il described by Wood et a l. 
(1975) was sa tis fa c to ry  fo r most samples. The cockta il consisted of 5.5g 
of 2,5-diphenyloxaole (PPO; Packard, Caversham) per 1L toluene (sulphur 
free) mixed with 500mL Synperonic NXP (IC I, B illingham ). Phase 
separation o f s c in t i l la n t  and solutions of high m olarity  (e.g. 0,1-M
phosphate and 2N-NaOH) necessitated special treatment. Increasing the 
detergent ra tio  in the Synperonic NXP:toluene cockta il to 2:1 (v /v) 
fa c il ita te d  the counting of O.IM-phosphate buffer (pH 6 .0 ). The
counting of small volumes of 2N-NaOH (100 yL) was accomplished by 
d ilu tin g  with 1.4mL water: methanol (15:1 ,v/v) and the use of Pico-Fluor 
30 (Packard, Caversham) -see below.
The counting e ffic ie ncy  was determined at the s ta rt and end of a ll 
series of experiments where samples (same type of v ia l,  homogeneous 
make-up, liq u id  s c in t i l la t io n  counter e tc .) were counted d a ily  fo r  an 
unbroken period. Otherwise the e ffic ie n cy  was checked fo r  each batch o f 
counting. V ials (6 to 12) containing no ra d io a c tiv ity  were included in
each of counting series to measure background.
Colour quenching was assessed by the two counting method. Samples 
were prepared in duplicate and counted, then an in terna l standard of
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approximately 110,000 d.p.m of or 100,000 d.p.m of in  20 yL , was 
added from a 1000 y L gastight microsyringe using a repeating dispenser - 
model PB6000-1 (Hamilton, W h ittie r, USA). The standard was methy- 
[^C ]to luene (Amersham In te rna tiona l, Amersham) and the was c a rr ie r 
free SO^  (Amersham In te rna tiona l, Amersham) d ilu ted to the required 
a c t iv ity .  The co e ffic ie n t of variance of in te rna l standard additions 
was less than 3.8% and 2.5% fo r  and respective ly.
4.3.1. Preparation of Liquid samples fo r  counting
Table 4.3 shows the methods used fo r sample preparation of d iffe re n t 
radioactive liqu ids  fo r  counting.
4.3.2. Preparation o f faeces fo r counting
A weighted 24-hour faeces sample was homogenized in 10ml water using a 
U ltra  Turrax (S c ie n tif ic  Supplies, London), d ilu ted to a f in a l volume of 
5 times the weight, re-homogenized and duplicate 0.2mL a liquots 
transferred to glass v ia ls  fo r  digestion and counting. Samples were 
digested in lmL Soluene-350, (Packard, Caversham) according to the 
manufacturers ins truc tions , using lOmL of Synperonic 1:2 'c o c k ta i l '.  
Colour quenching was corrected by in terna l standardisation.
4.3.3. Preparation of tissue fo r  counting
Up to lOOmg of tissue was added d ire c tly  to lmL soluene-350, (Packard, 
Caversham) digested and counted as described above. Colour quenching 
was corrected by in terna l standardisation.
4.3.4. Thin Layer Chromatographic Separation of Radio-labelled 
Substances
T . l.c .  was used to assess the p u rity  of rad io-labe lled  BEA and, 
subseqently, to provide some in i t ia l  ins igh t in to  urinary and b ile  
metabolites formed from th is  compound. The methods used fo r  spotting and 
running t . l . c .  plates w il l  be detailed below (4 .3 .5 ). The d is tr ib u tio n  
o f rad io-labe lled  material was assessed using e ithe r a gas-phase th in -
layer scanner, autoradiography or by liq u id  s c in t i l la t io n  counting of 
eluted material from zones of adsorbent support. The pros and cons of 
each method have been reviewed (Touchstone & Dobbins, 1978-Chapter 10) 
and w il l  not be considered here.
4.3.4.1 Gas-phase th in -la ye r scanning. Prelim inary assessment of 
t . l . c .  radiolabel separations was undertaken on a Thin layer-scanner 
I I ,  Model LB2723 (Berthold, Wildbad, Germany F.R.) using methane (BOC, 
Croydon) as the gas counting phase. The instrument was optimised fo r  ^C  
counting.
This method -of assessing t . l . c .  separation is re la tiv e ly  rap id, but 
counting e ffic ie n cy  is low (less than 30% fo r  ^C ) and resolution is poor 
because of high e lectron ic  noise.
4.3 .4 .2 . Autoradiography. This method gives the best resolution and 
can, i f  exposure times are long enough, locate trace components.
Dry t . l . c .  plates were placed (in  a pressure box) against Blue-brand 
X-ray f ilm  (Kodak, Hemel Hempstead) fo r  periods of up* to three months, in  
the dark. The plates were developed in Teknol 1:19(v /v ), (May & Baker, 
Dagenham) fo r  5 min, stopped in 1% g lac ia l acetic acid and fixed  fo r  10 
min in Amfix (May & Baker, Dagenham) 1:4 (v /v ). The plates were washed 
fo r  2-3 hours and drfed in a dust-free place.
T . l.c .  plates were kept fo r  spraying or quantita tion .
4.3 .4 .3 . Quantitation of labelled separated components. The 
quan tita tive  measurement of separated components was undertaken by 
scraping adjacent areas of support material (1.0cm wide and 0.5cm long) 
o ff t . l . c .  plates from the o rig in  to beyond the solvent fro n t. Each zone 
of scraping was transferred to a m in i-v ia l fo r  counting.
In i t ia l  experience with a thixotropic-Vtoluene based s c in t i l la n t  gel 
(Cab-0-Sil; Packard, Caversham) gave a variable high background and poor 
re p ro d u c ib ility . The most favourable results were achieved by e lu ting
the support m ateria l in the v ia l with 300 pL of water and adding 5mL of 
s c in t i l la n t  cock ta il. Tubes were le f t  overnight (to allow the scrapings 
to se ttle ) and counted. Backgrounds were in the normal range, and 
recoveries were in excess of 97%.
4.3.5 Thin-Layer Chromatographic Procedures
The recomnendations of Touchstone & Dobbins (1978) were followed fo r  
preparing and applying samples (Chapter 4), preparation of mobile phases 
and development (Chapters 5 and. 6 ), v isua lisa tion  (Chapter 7) and 
improving re p ro d u c ib ility  (Chapter 11).
4.3.5.1 Absorb ant and solvent systems Chromatographic separations were 
carried out on one of two types of support material e ith e r :- '
a) S ilic a  gel 60 (0.2mm) on glass or aluminium sheets (Merck, 
Damstadt) or
b) Cellulose MN-300 (0.5mm) on glass (Anachem, Luton).
Neither support was heat activatedi, and both were free  of
fluorescence ind icators.
The solvent systems were:-
i )  propan-2-ol : ammonium hydroxide (33% m/v): water:: 90:8:2
(v /v ).
i i ) methanol saturated with NH^  vapour,
i i i )  chloroform: methanol: :  9:1 (v /v ) ,
iv ) propan-2-ol: e than -l-o l (abs): 1N-HC1 (a q ) : :-'3:3:2 (v /v ).
Chromatographic separation was undertaken in a ir - t ig h t  glass tanks, 
placed on a stable surface free from temperature flu c tu a tio ns . Solvent 
systems were replaced fo r  each separation and at least 2 hours was
allowed fo r the liq u id  and vapour-phase to equ ilib ra te  before the t . l . c .  
plates were developed by ascending chromatography.
4.3.5.2 Sample preparation and spo tting . Samples were dissolved in
absolute methanol and ca re fu lly  spotted onto the t . l . c .  p lates, using 5
or 10 uL Drummond Microcaps (Shandon, London) under a gentle stream of 
pure dry nitrogen.
4 .3 .5 .3 . Two-dimensional development of t . l . c .  p la tes. Two-dimensional 
t . l . c .  was carried out in the same solvent systems to assess i f  m u ltip le  
rad io-labe lled  components were formed as a re su lt of chemical 
in s ta b il i ty  during chromatographic separation (Sheppard, 1972).
4.3.5.4 V isua lisa tion  of functional amine groups. Functional amine 
groups were visualised by spray t . l . c .  plates with fluorescamine (Sigma, 
Poole), 25mg of which was dissolved in lOmL acetone.
A ll t . l . c .  plates were sprayed in a fume cupboard.
4.4 THE SYNTHESIS OF 14C-BR0M0ETHANAMINE HYDROBROMIDE
None of the described methods fo r  the laboratory synthesis of BEA 
(Cortese, 1943) are amenable to a m icro-scale, high y ie ld  and high p u r ity  
radiosynthesis, from a commercially available s ta rtin g  product. 
Further, the p u rifica tio n  of BEA is hampered by i ts  cyc liza tion  to 
ethylenimine in neutral and basic aqueous solutions (Dermer & Ham, 1969) 
and handling may be hazardous because ethylenimine is to x ic , being a 
powerful a lky la ting  agent known to be mutagenic and possibly 
carcinogenic (Ninan & Wilson, 1969).
The in d u s tr ia lly  patented method of Groves (1937), used to prepare 
megagram quan tities , was scaled down to a micro-synthesis (less than 
lOOmg) of high y ie ld  in a p i lo t  study. A special reaction chamber was 
designed to fa c i l i ta te  the synthesis of BEA and then i ts  p u r ific a tio n  
in s itu  (by fra c tio n a l sublim ation), thus avoiding losses tha t would 
otherwise have occurred during re c rys ta llis a tio n  and preventing 
unnecessary handling hazards.
The method has been described (Bach & Bridges, 1982) but w i l l  be 
presented again as an in tegra l part of th is  d isse rta tion .
4.4.1 Synthesis of Labelled BEA
The apparatus is shown in Fig 4.4a The boros ilica te  reaction chambers
( f )  was constructed as shown in Fig 4.4b. The chamber was loaded with 
500 yCi (18.5 MBq) 44 mCi/mmol of [2-^C ]e than-l-o l-2 -am ine ! HC1 
(stated radiochemical p u rity  99%, Amersham In te rna tiona l, Amersham) 
dissolved in 0.5 mL of water, containing 52 mg of ca rrie r e th a n -l-o l-2 - 
amine HC1 (A ldrich Chemicals, Gillingham) through a pasteur p ipe tte  
inserted through the opening at v. The label and ca rrie r were evaporated 
in a gentle stream of dry nitrogen at 25°C. The opening (v) was flame 
sealed and the chamber incorporated in to the apparatus housed in a fume 
cupboard.
HBr was generated from fre sh ly  re d is t i l le d  dry te t ra l in  [ te trahydro- 
naphthalene ] (BDH, Poole) in a fla sk  (a) by the addition of a slow stream 
o f Br£ from a dropping funnel (b ). Sodium thiosulphate so lution (to  
quench unreacted bromine) or additional te tra lin  could be added through 
the dropping funnel (c ). The gas was passed through a splash head (d) 
then a washbottle (e) containing te tra lin  to remove any unreacted B ^  
vapour, and thence to  the reaction vessel ( f )  which was immersed in a 
continuously s t ir re d , heated o i l  bath, f i t te d  with a contact thermometer
(g). A water-cooled c o il between e and f  served to condense any te t ra l in  
vapour in the HBr flow . The pressure was kept s l ig h t ly  greater than 
atmospheric (0.5 cms water) using a gas absorption trap ( i ) ,  the outflow 
of which was cowled by a funnel ( j )  connected to a 'fa s t- f lo w in g ' water 
vaccum lin e , to remove and dissolve the unreacted HBr. The empty 
washbottle (h) served to prevent water 'suck-backs' in to  the reaction 
chamber. A ll f i t t in g s  were Q u ick -fit or Tygon (Norton Co., Ohio).
The complete system was flushed with pure dry N£ at room temperature 
fo r  10 minutes though the dropping funnel c, then purged with HBr fo r  10 
minutes.
The slow addition of B ^  through a constricted t ip  in the dropping
\t i
Fig. 4.4a Schematic representation o f apparatus used fo r
the microscale synthesis o f BEA.
a Round bottom flask 
b Dropping funnel, PTFE tap
c Dropping funnel, PTFE tap
d Splash head 
e Drechsel b o ttle
M icro-reaction chamber 
Heated o il bath 
Drechsel b o ttle  
Gas absorption trap 
Funnel connected to water 
vacuum lin e
(_)
z -  zz
Fig. 4.4.6 M icro-reaction chamber used fo r  the synthesis and
p u rific a tio n  o f BEA. Side elevation shown as Z-Z.
funnel below the surface o f the te t ra l in  gave a steady stream of HBr fo r  
the duration of the synthesis. T he ,o il bath was heated to 140°C and 
increased in increments of 10°C every hour to 190°C at which i t  was 
maintained fo r  1 hour.
Once a ll the B ^  had reacted the system was purged with pure dry Ng
fo r  1 hour. The reaction vessel was removed from the o i l  bath, cooled to
room temperature and the adhering o il washed o f f  with 
methanol: chloroform 1:1 (v /v ) . During th is  time the liq u id  in the 
reaction chamber s o lid if ie d  to an o f f  white m ateria l.
4.4.2 P u rifica tio n  by Fractional Vacuum Sublimation
The reaction vessel was flame sealed at w, and a fte r cooling the 
p u rific a tio n  vessel was returned to the o i l  bath submerged to y (Figure 
4.4b). A water-cooled copper co il was placed on the non-immersed portion 
and a vacuum line  connected to the o u tle t v ia a trap immersed in so lid  
CC^-acetone. The vessel was evacuated to 0.05 mm Hg and heated at 100°C 
fo r  16 hours. A fte r cooling, washing e tc ., the limb was .broken at y 1. 
This was to remove trace amounts o f unreacted ethan-l-ol-2-am ine HC1 and 
other low temperature sublimates. The low temperature fra c tio n  
contained a small amount of BEA and an un identified  trace component. BEA 
was sublimed as a white so lid  at a vacuum of 0.05 mm Hg and heated at
140°C fo r  24 hours, with the vessel immersed to x and a cooling co il on
the limb out of the o i l .  A fte r cooling, washing e tc ., the limb was 
broken at x and the BEA removed from i t  and stored at 0-5°C. The 
reaction vessel contained a brown residue of unknown composition.
There was no detectable ra d io a c tiv ity  carried over from the reaction 
vessel during synthesis or beyond the cooling co ils  used in any of the 
p u rific a tio n  steps. This suggests tha t ethylenimine (which is 
re la tiv e ly  v o la t ile )  was not formed at any of these stages.
The au th en tic ity  of non-labelled synthesised material was confirmed
by its  IR spectrum, (measured in a KBr disc using a Perkin Elmer model- 
577 grating spectrophotometer - see 4 .5 .2 ), melting point (171-172°C,V
uncorrected) and mixed melting point and by its  behaviour on the four 
t . l . c .  systems lis te d  above (4 .3 .5 .) visualised with e ithe r ninhydrin or 
fluorescamine (4 .3 .5 .4) and compared to commercially available BEA (BDH, 
Poole).
4.4.3 Y ield, Specific  A c t iv ity  and P urity
The weight o f BEA synthesised was determined twice using ‘ co ld1 
ethan-l-ol-2-am ine HC1, and y ie lds  of 74% and 71% were obtained. Based 
on the incorporation of ra d io a c tiv ity , however, the y ie ld  was in excess 
of 89%. The discrepancy between the chemical and radiochemical y ie lds  
most l ik e ly  arose from using a sublimation time of 16 hours fo r  the 
p u rifica tio n  o f non-labelled BEA. Using these conditons, however, the 
unsublimed residue in the reaction chamber contained BEA. Im purities in 
the ca rrie r ethan-l-ol-2-am ine HC1 would also contibute to such 
differences.
The spec ific  a c t iv ity  was 210.16 kBq/mg; 44.4 kBq/mmol (5.68 yCi/mg; 
1.2mCi/mmol).
BEA p u rity  was assessed by t . l . c .  radiochromatography (4 .3 .5 .1) a fte r 
co-chromatographing with 4 mg/mL of ca rrie r BEA (4 .3 .5 .2) which had been 
synthesised (4.4.1) and p u rifie d  (4.4.2) as described (Sheppard 1972). 
The d is tr ib u tio n  of radiolabelled components was assessed 
autoradiographically (4 .3.4.2) fo r  20 days a fte r prelim inary scanning 
(4 .3 .4 .1 ). The Rf  values fo r  BEA and ethan-l-ol-2-am ine HC1 are shown in  
Table 4.2.
Neither the low temperature sublimate nor the reaction product 
contained ethan-l-ol-2-am ine. P urified  BEA chromatographed as a s ing le  
component in systems aiv and biv and as a major component (w ith f iv e  
trace components) in system a i i i .  The a lka line systems gave one major
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Table 4.2 The fo r  2-bromoethanamine and ethanol amine.
Solid Chromatographic
Support System
S ilic a  Gel i
(support a) i i
i i i
iv
Cellulose i
(support b) i i
i i i
iv
2-Bromoethanamine Ethanolamine
0.15 0.16
0.67 0.19
0.08 0.00
0.67 0.67
0.90 0.93
0.92 0.90
0.83 0.74
0.77 0.66
component, w ith a trace substance leading and ta il in g  i t  (systems ai and 
a i i ) .  The two-way e lu tion  technique (4.3.5.3) suggested tha t both the 
ta i l in g  and leading component associated with the a lka line 
chromatographic systems were due to chemical in s ta b il i ty  of BEA at an 
elevated pH (Dermer & Ham, 1969). Attempts to prevent cyc liza tion  by 
de riva tiz ing  the BEA-amine group before chromatogrphy, with e ithe r 
fluorescamine or dansyl chloride (A ldrich Chemicals, Gillingham), were 
not successful. The fluorescamine derivate hydrolysed under a lka line  
conditions during the chromatographic separation. The a lka line 
conditions required to promote dansylation favoured BEA in s ta b il i ty ,  
cyc liza tion  and possibly polymerisation.
P urity  was assessed by liq u id  s c in t i l la t io n  counting of transverse 
areas of support material (4.3.5) and found to be 95% of the a lka line 
chromatographic system (where the BEA was apparently unstable) and 98% 
on the other systems. . . .
4.4.4 Discussion
The synthesis o f a pure, high spec ific  a c t iv ity  radiolabelled BEA was 
of paramount importance in order to probe the molecular pathogenesis of 
th is  acutely induced RPN. A radiolabelled molecule would make i t  
possible to : -
A) Produce data on the absorption and excretion of BEA,
B) Study the d is tr ib u tio n  of the parent molecule (and i ts  
metabolites) in  the whole animal and, more importantly across the kidney 
from the cortex to the medulla t ip ,  and
C) S tart answering some of the c r i t ic a l  questions re la tin g  to the 
metabolism of BEA such as:-
I )  What are the structures of BEA metabolites, with a view to 
id e n tify ing  the “proximate1 pap illo toxin?
I I )  What metabolic processes (e.g. Cytochrome P-450 versus cyclo-
oxygenase) are responsible fo r  these bioconversions?
I l l )  Does the generation of b io lo g ic a lly  reactive intermediates play 
any ro le  in the formation of BEA metabolites? and 
IV) I f  so:-
a) Are these formed v ia  ethylenimine (which was formed from BEA,
and
b) could the p a p illa ry  necrosis be caused by these unstable 
intermediates binding covalently to micro- or macro-molecules, and, i f  
so, what is the nature of the e lectroph iles and how does the binding of 
the activated product mediate the pathophysiological changes?
This m icro-modification of a patented method ( fo r the in d u s tria l 
synthesis o f BEA) has been applied to a radiochemical synthesis (using a 
commercially available s ta rtin g  m ateria l). The synthesis is 
manipulatively easy, as is the subsequent p u r ific a tio n , and both y ie ld  
and p u rity  o f the f in a l product are high.
I t  is also l ik e ly  tha t the method could, fo r  example, be used fo r  the 
synthesis o f other members of the halogen a lky l amine group of th e ir  N- or 
C- substituted products subject to suitable m odification being 
introduced. This 's yn th e tic1 approach could obviously be applied to 
molecules labelled on e ithe r or both carbon atoms, and to a c a rr ie r-fre e  
synthesis or to other iso to p ica lly  labelled s ta rtin g  m ateria l.
The containerised approach may also fin d  other applications where 
e ithe r the s ta rtin g  material or the f in a l product is  to x ic  or 
carcinogenic. Furthermore, fra c tio n a l vacuum sublimation as a means of 
pu rify ing  radiochemicals has a greater po tentia l than has h ith e rto  been 
reported.
4.5 THE ANALYSIS OF URINARY, BLADDER AND KIDNEY STONES AND CRYSTALS
Calculi in the urinary tra c t may be homogeneous or heterogeneous and 
might consist of any of a vast number of complex inorganic mineral sa lts
and various organic components (see Nordin et a l. ,  1979 and Cheng, 1980) 
set in a p ro te in , glycoprotein or gl^cosaminoglycan m atrix.
The nature of these deposits can be assessed by several well 
established methods which are outlined below.
4.5.1 Crystal Shape and Deposit S o lu b ility
The shape and s o lu b il ity  of urinary sediments o ffe rs  a simple means o f 
assessing the major chemical composition fo r  the most commonly 
encountered urinary sediments, (see Diem & Lentner, 1970).
4.5.2 In fra -red  Analysis of Urinary Tract Deposits
Detailed methods fo r  in fra -red  analysis of renal tra c t crysta ls  and 
ca lcu li and th e ir  assessment, have been described by Weissman et a l. ,  
1959; O liver & Sweet, 1976; Gault et a l. ,  1980 and Modlin & Davies, 1981.
In b r ie f 1 to 2 mg of c ry s ta llin e  deposits or c a lcu li were f in e ly  
ground in a micro-agar ba ll m ill w ith about 200mg of oven dried in fra -re d  
q u a lity  KBr (Merck, Darmstadt) fo r 15 min. KBr discs were made in a KBr 
press (Beckman-RIIC, Glenrothes) using a pressure of 7 to 10 tons fo r  20 
min under vacuum. Reference spectra were prepared s im ila r ly  from 
magnesium ammonium phosphate (k ind ly  donated by BDH, Poole).
The discs were scanned on a Perkin Elmer Model-577 In fra -red  Grating 
Spectrophotometer (Perkin Elmer, Beaconsfield ). Where necessary an 
a lte rna to r AT-02 (Beckman-RIIC, Glenrothes) was placed in the reference 
path to optimise the trace. The sample scanning time was time was 15 
min, with the s l i t  set to normal and the time constant set on auto. The 
ca lib ra tion  o f the instrument wavelength was checked with a polystyrene 
f ilm  at 1583 and 1601 cm"*.
The chemical composition of the scanned material was assessed
a) Using the flow chart of O liver & Sweet (1976).
b) The published spectra of Weismann et a l. ,  1959; O liver & Sweet, 
1976; Gault et a l . ,  1980 and Modlin & Davies, 1981, and, f in a l ly ,
c) From a referene spectra of authentic m ateria l.
4 .5 .3. X-ray micro-analysis
Although i t  is the most widely used method of analysing c a lc u li,  
in fra -re d , suffers from certa in lim ita tio n s  in th a t:-
a) traces may be d i f f ic u l t  to in te rp re t i f  the deposits are 
heterogeneous,
b) the trace may be altered substan tia lly  by the type and amount of 
matrix m ateria l, and
c) the trace gives no data on the type of matrix m ateria l. X-ray 
microanalysis can supplement in fra -red  data.
Micro-X-ray analysis was undertaken by the S tructura l Studies Unit at 
the U niversity o f Surrey. The ca lcu li or crysta l deposits were stuck to 
a perspex base with double-sided adhesive tape (Cellotape) vacuum 
carbon coated and viewed in a Joel model JXA-50A scanning e lectron 
microscope. Spot x-ray analysis was undertaken using a Link 860 System 
(Link, High Wycombe, Bucks). The emitted x-rays were monitored fo r  100s. 
Heterogeneity was assessed by analysing up to 20 d iffe re n t crysta ls  or 5 
d iffe re n t areas on up to 10 d iffe re n t c a lc u li,  and comparing each 
analysis to the f i r s t .  The f in a l accummulated analysis (from 
homogeneous deposits) were p lotted from the multichannel analyser o f the 
Link system.
4.6 THE POLYDISPERSION OF PROTEOGLYCANS, 6LYC0SAMIN0GLYCANS AND 
OLIGOSACCHARIDES IN URINE.
4.6.1 Urinary Macromolecules and Middle Molecules
Intense prote inurias are associated with many types of renal lesions 
(see symposium edited by Poliak, 1974) most often, however, only to ta l 
protein or albumin have been measured. The e lectrophoretic d is tr ib u tio n  
of urinary proteins of d iffe re n t molecular weights has served to 
d istingu ish  the s ite  of renal lesion: (v iz . tubu lar, glomerular or mixed
damage)'in kidney disease in man (Balant et a l. ,  1974 and A lt  et a l. ,  
1979).
The use of th is  approach to assessing experimentally induced lesions 
in the ra t is complicated because prote inuria  is phys io log ica lly  normal 
in th is  species. The p ro te inuria  is more intense in the male than in the 
female ( i t  appears to be dependent on androgen synthesis) and increases 
with age. The e lectrophoretic pattern d iffe rs  between the sexes, with 
age and between stra ins of the same age and sex (Galaske et a l. ,  1980 and 
A lt  et a l .,  1980).
In recent years an important group of re la tiv e ly  low molecular weight 
dialys&ble proteins (300-2000 dal tons), the 'middle molecules' have been 
associated with uremia (Furst et a l. ,  1975; Bergstrom & Furst, 1976 and 
Furst et a l. ,  1976). This group of proteins has been resolved in to  at 
least 10 components, one of which was present in the plasma of uremic 
patients. No clear ro le  has yet been defined fo r  th is  component, 
although i t  has been suggested tha t i t  may contribute to those systemic 
complications during uremia which are ameliorated by maintenance 
d ia lys is .
The excretion of urinary proteoglycans (PoG) and glycosaminoglyeans 
(GAG) has been most studied in the inherited hyperglycosaminoglycanurias 
(see Kennedy, 1969). PoG-GAG are also excreted by normal humans, where 
there are age related changes (Taniguchi, 1972), sex d iffe rences, and 
possibly circadian rhythms. (Scott and Newton, 1975 and Newton et a l . ,
1979) in the types and quan tities . Most of the 'c la s s ic a l' methods used 
fo r  PoG-GAG iso la tio n  depend on cetylpyrid in ium  chloride p re c ip ita tio n  
and d ia ly s is . White & Kennedy, 1979 reported tha t over 90% of u rinary 
carbohydrate and proteinaceous "macro-molecules" were dia lysable and 
thus lo s t by these "common" techniques.
The high PoG-GAG concentration in the medulla (2 .3 .4 .4 ), especia lly
the p a p illa , and the loss of histochemical sta in ing of 
mucopolysaccharides from those areas of BEA-induced necrosis (5 .2 ), 
suggested tha t the monitoring of urinary PoG-GAG (and th e ir  
polydispersion) could be a ra tiona l selective and sensitive approach to  
non-invasive assessment of renal p a p illa ry  necrosis.
4.6.2 Column Chromatographic Separation of Urinary Components.
The method was essen tia lly  tha t of White & Kennedy (1979), where 
urinary molecules were separated using a gel f i l t r a t io n  column and the 
eluent monitored fo r uronic acid or frac tions containing radio labelled 
material counted.
4.6.2.1 Preparation o f gel f i l t r a t io n  column Bio-Gel P-2 (200-400 mesh, 
Bio-Rad Laboratories, Watford) was swollen in a sodium phosphate buffer 
(0.1 mol/L, pH6.0) over night at 5°C. The fines were removed by suction 
and a s lu rry  (made up of the se ttled  gel volume plus an equal volume of 
bu ffe r) was degassed at 40'-50°C using* a water-vacuum. Columns were 
poured from the suspended s lu rry  and allowed to se ttle  under g rav ity  fo r  
about 36h, a fte r which the columns were pumped downwards at about 
0.2mL/min fo r  2h. The columns (Wright S c ie n tif ic ,  Stonehouse) which 
these jacketed at 30°C, were one 20 cm x 1.0 cm ID (pumped downwards) in 
series with two 100cm x 1.0cm ID (pumped upwards). A ll columns were 
f i t te d  with adjustable plungers on the "pump side". The system was 
connected in series and pumped fo r  72h at 0.2mL/min, a fte r which plungers 
were adjusted to meet the gel face. The to ta l length of the gel was 
122cms.
Samples were applied 'on stream' using a three way tap (Wright 
S c ie n tif ic ,  Stonehouse) on the f i r s t  column. The column void volume (Vo) 
was determined using e lu tion  times fo r  f e r r i t in  (450,000 daltons; BCL, 
Lewes). A ll samples were made up in 0.1 mol/L phosphate bu ffe r, pH 6.0 
and the column was eluted with the same buffer which was degassed d a ily .
The buffe r was supplied to the column at a flow rate of 0.2mL/min using a 
Micro Perplex pump, Model 2132 (LKB, vCroydon).
4.6.2.2 Application o f samples fo r separation. B io log ica l material was 
f i l te re d  through a 0.22 ym (Nucleopore, S te r il in )  bacteria l exclusion 
f i l t e r  (to  prevent m icrobiological contamination of the column), and 
aseptic techniques were used to handle and apply these m ateria ls. The
sample (0.25mL) was placed "on stream" using a 3-way tap (Wright
S c ie n tif ic , Stonehouse)
Between 100 and 250 yL of radioactive urine, urine extract or b ile  
( fo r subsequent fra c tio n  co llec tion  and counting) was injected through 
a septum in je c to r, part 3301 (Om nifit, Cambridge) using a m ic ro litre  
syringe (0.5mL Hamilton, W h ittie r).
4.6.2.3 Monitoring Uronic acid. Uronic acid was monitored continuously 
using the borate-carbazole assay on an autoanalyser system (White & 
Kennedy, 1979). The system is shown*schematically in Fig. 4.6, together 
with types o f tubing and nominal flow values.
The borate reagent contained 25 mmol/L sodium tetraborate (BDH, Poole)
in concentrated sulphuric acid and the carbazole reagent was made d a ily  
( in  advance) by dissolving 0.05g carbazole (A ld rich , Gillingham) in 60mL 
of absolute ethanol, and d ilu tin g  to lOOmL. The reagents and sample were 
mixed (Fig. 4.6) and heated at 95°C fo r 10 min and monitored in a flow  
ce ll at 520nm.
The hold-up time in the autoanalyser system was 20 minutes and the 
response was measured using fre sh ly  prepared D-glucurono-6,3-lactone 
(Calbiochem) at concentrations of 20mg/L in sodium phosphate bu ffe r. 
The interferences from non-uronic acid material has been reported to be 
less than 4% (White & Kennedy, 1979).
4.6.2.4 Collecting and monitoring radioactive e luent. Radiolabelled 
components which had been' separated on the column were co llected
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Fig. 4.6 Schematic representation o f the Auto­
analyser system used to monitor column eluent fo r  uronic acid 
using the borate-carbazole method. The nominal flow rates and 
types o f tubing are :-
1) 0.05 mL/min - tygon
2) 0.43 mL/min - ac id flex
3) 0.60 mL/min - tygon
4) 0.05 mL/min - so lva flex
A fte r White & Kennedy, 1979.
d ire c tly  in to  Beta-vials fo r  5 min periods (using an U ltrarac Model 7000; 
LKB, Croydon) and counted in a Rackbeta (4.3) using the s c in t i l la t io n  
cockta il described (Table 4 .3).
CHAPTER 5
2-BROMOETHANAMINE HYDROBROMIDE-INDUCED 
RENAL PAPILLARY NECROSIS:
HISTOPATHOLOGICAL AND CYTOCHEMICAL CHANGES 
AND FACTORS AFFECTING 
THE DEVELOPMENT OF THE LESION
Most o f the model systems which can be used to study the pathogenesis of 
RPN require longterm treatment and they may also be notoriously 
irreproducib le (3 .2). Furthermore, in a chron ica lly  induced model system 
i t  is always d i f f ic u l t  to be certa in i f  subtle changes precede, p a ra lle l or 
fo llow  a "primary" lesion. An acutely induced lesion o ffe rs the most
p rac tica l way of assessing what primary pathophysiological changes give 
rise  to a lesion, especially at a molecular leve l. This, in tu rn , provides 
a working hypothesis tha t can be tested in a chron ica lly  induced model 
system.
Extrapolation of data between systems is an inescapable facet of 
toxicology, and, although i t  is fraught with inexactitudes, i t  remains the 
fundamental approach through which understanding has been achieved. The 
investigations described below were undertaken w ith in  a framework o f such 
a research philosophy.
2-Bromoethanamine (BEA) hydrobromide was chosen as a su itab le  model 
compound to study the molecular pathogenesis underlying the chemical 
induction of renal p a p illa ry  necrosis (RPN) because:-
A) I t  induces a p a p illa ry  spec ific  lesion in a ll treated animals (Table 
3.7).
B) The lesion is o f an acute nature (3 .2 .3 .2 ), occurring w ith in  a few 
days.
C) The acutely induced BEA damage and the chron ica lly  induced analgesic 
"type" lesion both produce s im ila r renal functional and histopathological 
changes in the ra t kidney (3 .2 .4 ). The development o f the 
histopathological and the renal functional changes tha t occur in  both the 
experimental animal models and in human analgesic associated nephropathy 
(Table 3.8 and 3.9) and s tr ik in g ly  s im ila r.
D) The chemical structure of BEA is simple, thus the synthesis o f a 
radiolabelled molecule fo r  studying absorption, d is tr ib u tio n , metabolism 
and excretion was practicable.
E) BEA is commercially available in a pure (greater than 99%) 
c ry s ta llin e , stable form, which is water soluble and has few other hazards 
associated with its  use. Ethylenimine, fo r  example, is not commercially 
availab le, i t  is unstable, explosive and mutagenic.
5.1 THE RESPONSE TO DIFFERENT DOSES OF 2-BROMOETHANAMINE
A varie ty  o f BEA dose regimens and routes of administration have been 
used previously to induce renal p a p illa ry  necrosis (Table 3 .7). These have 
varied from a single dose of 50mg/kg iv  up to  250 mg/kg iv , and m ultip le
d a ily  doses o f 100 mg/kg ip fo r 6 or more days. I t  was considered
essential at the outset of th is  work to establish a reproducible dose 
response re la tionsh ip  so tha t sex related differences and the e ffects  o f 
pretreatment on the lesion could be assessed.
5.1.1 The Dose Response of Male and Female Rats to BEA Administered
I n traperitonea lly .
a) Animals and treatment. Male and female (200-210g) rats (housed as 
described 4.1) were given a single dose of fre sh ly  prepared BEA (4.1.1) at 
concentrations of 12, 25, 50, 100, 150 and 200 mg/kg using two ra ts o f each 
sex fo r  each dose leve l. Rats were k ille d  a fte r 5 days. In addition two 
male rats (210g) were dosed d a ily  with 100 mg/kg ip fo r 4 successive days 
and k ille d  5 days a fte r the las t dose.
Animals were k ille d  as described and both kidneys, the bladder, spleen 
and liv e r  were taken fo r  f ix in g  (4 .2 .1 ).
b) Histopathology. Tissue was fixed fo r more than 24h, imbedded in wax 
and sections processed fo r  H & E (4 .2 .1 ).
c) Results. The renal morphology appeared normal in both sexes given 12 
or 25 mg/kg of BEA, but p a p illa ry  necrosis (o f increasing in te n s ity ) was 
seen from a dose of 50mg/kg. The minimal damage (termed intermediate 
necrosis by Burry, 1968) seen at 50mg/kg included destruction of the 
in te r s t i t ia l  c e lls , lim ited  necrosis of the loops of Henle and the 
medullary microvasclature. In addition the e p ith e lia  covering the pa p illa  
was often hyperplastic over tha t part o f the medulla where necrotic change 
had taken place (Fig. 5.1.1a). At progressively higher doses of BEA ( i.e .
100 and 150 mg/kg) the area of in te r s t i t ia l ,  nephron loop and c a p illa ry
necrosis increased. In those kidneys with a normal or hyperplastic 
covering e p ith e lia  the elements of the co llec ting  ducts were always 
present although they sometimes showed regenerative changes. In more 
severely affected kidneys (200mg/kg) there was loss of the e p ith e lia  
covering the p a p illa , together with necrosis of a ll of the anatomical parts 
o f the medulla up to (F ig. 5.1.1b), but never beyond the corticomedullary 
region (termed to ta l necrosis by Burry, 1968). The area o f the medulla 
stump which had "survived" the chemical in s u lt showed signs of 
regeneration and re -e p ith e lia lis a tio n .
The degree of damage showed some b io log ica l v a r ia b i l i ty  between ra ts of 
the same sex, but the general trend in the extent of the medullary necrosis
was s im ila r in  both male and female ra ts .
The two animals treated with four da ily  doses of lOOmg/kg showed to ta l 
medullary necrosis up to the corticomedullary region.
The spleen and liv e r  appeared h is topa tho log ica lly  normal in a l l  samples 
o f tissue. The bladder was normal from animals treated with 12 or 25 mg/kg
Fig. 5.1.1a "Intermediate" renal p a p i l la ry  necrosis showing destruction 
o f  most o f  the medullary elements except the c o l le c t in g  ducts and covering 
u ro the lia  -  a f te r  a BEA dose o f  50m g / k g  ip .  H & E , X  130.
Fig. 5.1.1b. "Tota l" renal p a p i l la ry  necrosis showing the destruction 
o f  a l l  o f  the elements o f  the medulla a f te r  a BEA dose oflOOmg/kg ip  
H & E,X 80.
Fig. 5 .1 .1c. Mild hyperp lastic  changes in  the bladder u ro the lia  fo llow  
treatment w ith doses o f  BEA greater than or equal to lOOmg/kg ip .
H & E,X 130.
Fig. 5 .1 . Id Normal bladder u ro the lia . H & E,X 130.
of BEA, but larger doses caused a f la c id  bladder, the musclature of which 
appeared to have los t i ts  c o n tra c t il i ty .  The bladders of animals treated 
with lOOmg/kg BEA or more often f i l le d  with a coagulated eosinophilic 
m ateria l. This was often los t during processing or before sections were 
f in a l ly  mounted. The tra n s itio n  e p ith e lia l lin in g  of bladders from those 
animals treated with 100 or more mg/kg of BEA also showed mild hyperplastic 
changes (Fig 5.1.1c), compared to normal controls (F ig .5 .1 .Id ).
d) Discussion. The histopathological method for assessing the degree of 
p a p illa ry  necrosis is unsophisticated. The locating of th is  region o f the 
kidney on a h is to log ica l section is d i f f ic u l t ,  as is the position ing of the 
tissue block to ensure tha t the whole kidney - p a p illa ry  t ip  to cortex - is 
examined. Within the need to execute painstaking h isto logy (to locate the 
pap illa  t ip )  oo additional attempt to quantitate the lesion by undertaking 
se ria l sectioning through the medulla. Thus i t  is possible tha t focal 
necrotic lesions may have been missed at a dose of 12 or 25mg/kg BEA. As 
illu s tra te d  in Figure 5.1.2a below the only focal lesions detected were 
lim ited to the in te r s t i t ia l  ce lls  o f the p a p illa  apex.
The dose response re la tion  fo r  ip administered BEA was sharp (a fte r  what 
is assumed to be a threshold dose of 50mg/kg) and increased to include 
areas of necrosis up to , but never beyond the corticomedullary region. 
This maximal extent o f lesion corresponds to tha t reported previously by 
Shimamura (1972) who used 6 da ily  doses of lOOmg/kg BEA.
Most o f the previously published data have used a single dose or 
m ultip le  large ( > lOOmg/kg) doses of BEA (Table 3.8). During the course 
o f these investigations Axelsen (1978b) reported that varying the dose of 
BEA the degree of necrosis could be varied from minor necrotic fo c i 
(80mg/kg sc) to to ta l p a p illa ry  ablation (250mg/kg sc), although the 
evidence fo r  th is  statement was not well documented in his paper. An 
accompanying communication (Axelsen, 1978a) documented c le a rly  a dose
RPN. This varied over a broad dose range where 0.25 to 2.0mg/kg caused no 
lesion, 1.25 to 6.25 mg/kg caused intermediate RPN and 4.0 to 8.0 mg/kg 
caused to ta l p a p illa ry  necrosis. The lesion was, however, confined to the 
pap illa , and did not extend to the corticomedullary junction as described 
above fo r  BEA. The BEA-induced lesion showed a steeper dose response curve 
throughout these investigations (although v a r ia b i l i ty  d id occur) compared 
to tha t reported by Axelsen, 1978b. The significance of these differences 
is discussed fu rth e r below (see 7 .1).
The dose related BEA-induced p a p illa ry  necrosis was s im ila r in both 
male and female ra ts . In contrast, marked sex related differences in the 
extent o f kidney lesions have been reported fo r certa in  halogenated 
solvents (Lock, 1982) and fo r  aminoglycoside a n tib io tic s  (Faccini, 1982). 
Both of these groups of nephrotoxins cause h is to log ica l changes in the 
cortex, a s ite  where major sex related morphological and functional 
differences have been reported (Messow, 1980). Normal male mice have 
higher glomerular f i l t r a t io n  rates and greater re la tive  kidney weights 
compared to females. Whereas the area occupied by medullary tissue is 
iden tica l in both sexes, the cortex is larger in the male, but there are 
fewer glomeruli (although the ind iv idua l glomeruli are the same size in both 
sexes). Cuboidal ce ll transformation in the outer layer o f Bowman's 
capsule occurs in 60% of the glomeruli in male mouse kidney, but only 5% in 
females. Further, there are differences between the rhythms o f excretion 
o f endogenous hippuric acid, when comparing the sexes o f both rats and mice 
(Baunack & Gartner, 1980) and the pattern of urinary prote in excretion is  
cha rac te ris tic  o f the sex o f a ra t (Galaske et a l. ,  1980, and A lt  et a l. ,
1980).
The fa c t that the extent o f RPN is independent of sex suggests tha t the 
pathogenesis of the BEA-induced lesion may be independant of both cortex
morphology and function, and re la te  exclusively to the medulla structure 
and function.
The significance o f the f la c id  bladders in animals treated with 50mg/kg 
(or more) BEA is uncertain. PG in h ib ito rs  are known to cause loss of tone 
in bladder smooth muscle (Brown et a l. ,  1980), but other mechanisms 
(possibly a protracted d iuresis or renal debris in the bladder) might 
produce s im ila r changes.
Medullary and pelvic tra n s itio n a l epithelium hyperlasia are common to 
p a p illa ry  necrosis induced using other chemicals, e.g. biphenyls, asp irin  
and fa t- fre e  d ie t (Hardy 1970a,b; Bokelman, 1971 and Molland 1978a,b). I t  
appears, however, tha t l i t t l e  a ttention has been accorded to e p ith e lia l 
changes in the bladder. Recently, long term 'o ra lly  administered asp irin , 
phenacetin and codeine has been found to cause hyperplastic changes in the 
bladder (Nanra, R.A., personal communication).
These observations may be d ire c tly  pertinent to the pathogenesis of 
tra n s itio n a l epithelium carcinoma that occurs in human analgesic abusers 
(3 .1 .3 .5 ), but they have not, apparently, been investigated. Medullary 
cyclo-oxygenase converts several known u ro the lia l carcinogens (e.g. 
benzidine) to reactive intermediates (see 2 .3 .4 .5 ). Other mechanisms, 
however, such as a changed chemical composition, a decreased osm olality 
(as a sequel to the necrotic process) or the passage of large amounts o f 
c e llu la r  debris out of the kidney could act as an i r r i t a n t  and cause a 
hyperplastic response from the urothelium. This problem is ,  however, 
beyond the scope o f these investigations and w i l l  not be considered fu rth e r 
u n til Chapter 7, where an attempt w i l l  be made to integrate these changes 
in to  the overall molecular pathogenesis o f analgesic nephropathy.
5.1.2. The Dose Response of Male Rats to BEA Administered O ra lly  and 
Subcutaneously
a) Animals and treatment. Pairs o f male rats (200-220g) were dosed with
BEA at levels o f 50, 100, 200, 500 and 1000 mg/kg po (as described 4.1 )
and groups of three male rats were given dose levels of 50, 100 and 200 
mg/kg sc. Pairs o f animals from these groups were k il le d  a fte r 5 days and 
kidneys, bladder, spleen and liv e r  specimens taken fo r  h isto logy (4 .2 .1 ). 
The two animals treated with lOOOmg/kg po were moribund at 24 h and, 
therefore, k ille d  immediately. The heart and lungs were taken fo r  
h is to log ica l examination, in addition to the kidneys, bladder, spleen and 
liv e r .
The single remaining animals from the sc dosed group were kept. The 
animal treated with 200mg/kg o f BEA sc d ied -a fte r 37 days. Gross autolysis 
prevented specimens being taken fo r  h isto logy. The remaining two animals 
(treated with 50 or 100 mg/kg BEA) plus an age matched con tro l, were k ille d  
240 days a fte r treatment with BEA.
b) Histopathology. Tissue was fixed fo r more than 24 h and processed fo r 
H & E (4 .2 .1 ).
c) Results. The dose response re la tionsh ip  fo r animals in jected with 
BEA via  the sc route was s im ila r to tha t already described fo r  animals 
treated in trape ritonea lly  (5 .1 .l.b )  at the same dose leve l.
BEA caused an apex lim ited  focal p a p illa ry  lesion in ra ts given 50mg/kg 
(Fig. 5.1.2a and b). The necrosis was confined to the in te r s t i t ia l  c e lls , 
and elements o f the nephron and the co llec ting  duct were la rge ly  
unaffected. Higher doses caused a lesion tha t occupied progressively 
larger areas of the medulla. Rats treated with 200 and 500 mg/kg po showed 
loss o f non-collecting duct elements o f the medulla, a marked hyperlasia of 
the covering e p ith e lia  and s im ila r changes in the remaining epithelium  o f 
the co llec ting  duct (Fig. 5.1.2c and d).
Dose related damage to the anatomical elements of the medulla followed a 
pa ra lle l course in rats given BEA o ra lly , i .e .  f i r s t  in te r s t i t ia l  ce ll 
loss, tra n s itio n  e p ith e lia  hyperplasia, loss of the m icrovascularity and
Fig. 5.1.2a The apex l im ite d  focal p a p i l la ry  necrosis caused 
by 50mg/kg BEA po. H & E,X 130.
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Fig. 5.1.2b The apex l im ite d  focal p a p i l la ry  necrosis caused 
by 50mg/kg BEA po. H & E,X 325.
Fig. 5.1.2c P ap il la ry  necrosis caused by 200mg/kg BEA po. 
H & E,X 80.
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Fig. 5.1.2d Pap il la ry  necrosis caused by 200mg/kg BEA po, 
de ta il o f  extensive u ro th e lia l hyperp lastic  changes. H & E, X 325
Fig. 51.1.2e P ap il la ry  necrosis caused by lOOOmg/kg BEA po 
H & E, X 100.
Fig. 5 .1 .2 f Pap illa  from ra t  treated with 50mg/kg BEA ip  a f te r  
240 days. H & E, X 130.
Fig. 5 .1 .2g Mild c o r t ic a l  cys t ic  d i la ta t io n  a t 240 days a f te r  
50mg/kg BEA ip .  H & E, X 325.
Fig. 5 .1 .2h. R e-ep ithe lia l ised  medulla stump and remnants o f  
the p a p i l la  ghost 240 days a f te r  BEA lOOmg/kg ip .  H & E, X 80.
Fig. 5 .1 .2 i Severe c o r t ic a l  scarring and p i t t in g  240 days a f te r  
BEA lOOmg/kg ip .  H & E, X 325.
loops o f Henle and, f in a l ly ,  at the upper dose levels (lOOOmg/kg) there was 
loss of the covering e p ith e lia  and the co llec ting  ducts (F ig. 5 .1 .2e ).
In common with rats dosed by the ip route the bladders from rats treated 
sc with BEA and those given lOOmg/kg or more po had los t th e ir  normal 
muscular tone (as assessed macroscopically), some contained a coagulated 
eosinophilic gel, and m icroscopically there was some evidence o f 
hyperplasia o f the tra n s itio n a l e p ith e lia l ce lls  lin in g  the bladder. A ll 
other organs, including tha t from the high dose o ra lly  treated animals were 
h is to lo g ic a lly  normal on H & E sections.
The kidneys from the animal treated with a single 50mg/kg dose o f BEA 
240 days before (Fig. 5 .1 .2 f) showed a pecu lia rly  re -e p ith e lia lise d  
medulla which appeared to contain few, i f  any, nephron elements. Changes 
in the cortex (Fig. 5.1.2g) were confined to mild cys tic  d ila ta tio n s . At 
240 days the en tire  medulla was absent from the animal treated w ith a 
single lOOmg/kg dose of BEA (Fig. 5 .1 .2h). The corticomedullary stump was 
re -e p ith e lia lise d  and a remnant of the medulla ghost remained in the 
p e lv is . The cortex showed severe scarring and p it t in g  on the surface, and 
markedly d ila ted  tubules containing eosinophilic material (F ig. 5 .1 .2 i) .  
The aged-matched control kidneys were normal.
d) Discussion. The s im ila r it ie s  between the extent of necrosis in  ra ts  • 
given varying doses of BEA via  the ip and the sc route, suggests that 
hepatic metabolism plays l i t t l e ,  i f  any, ro le  in the generation o f the 
"proximate" p a p illo to x in . I f  hepatic "ac tiva tio n " did occur the ip  route 
might have been expected to produce a more marked e ffe c t.
The s h if t  in the dose response re la tionsh ip  when BEA was administered 
o ra lly  might, therefore, be explained by in te s tin a l c e ll deactivation o r 
delayed absorption and hence less BEA reaching the kidney (see 6 .3 ).
A noteworthy histopathological d iffe rene between the parentera lly 
administered BEA and tha t administered o ra lly  was the marked hyperplasia o f
the co 11 ect mg ducts and medulla ep i t  he ha when, fo r example 200mg/kg BEA 
was given po. S im ilar changes are described below (5.3.3) fo r  animals 
treated with anti-oxidants before they were given a BEA in s u lt.
The necrotic changes seen in animals treated with lOOOmg/kg o f BEA po 
and k ille d  at 24 h did not have a c le a rly  defined zone between necrosed and 
viable tissue. This possibly related to the early time point at which 
animals were sacrificed  and re fle c ts  a lesion which had not run i ts  f u l l  
course rather than a q u a lita t iv e ly  d iffe re n t pathological change.
The morphological changes .8 months a fte r the BEA-induced RPN present 
two contrasting pictures depending on the dose of compound administered. 
The high dose of BEA had caused to ta l ablation of the medulla, followed by 
its  abscission and the re -e p ith e lia lis a tio n  of the medulla stump. A dose 
o f 50mg/kg BEA, however, le f t  a medulla sh e ll, the surface and co lle c ting  
tubules of which were re -e p ith e lia lise d , but between these elements no 
vestiges o f nephron elements or in te r s t i t ia l  ce lls  were apparent. This is 
consistent with the findings of Cuppage & Tate (1974) and Shimamura & Bonk 
(1976) who reported tha t e p ith e lia  from adjacent undamaged surfaces of the 
medulla migrated along the in ta c t basement membrane and established a 
co n tinu ity  of cuboidal covering, as part o f the reparative processes. In 
conmon with Shimamura & Bonk (1976) there was, however, no repopulation by 
medullary in te r s t i t ia l  c e lls . These ce lls  apparently do have the capacity 
to regenerate. M ito tic  figures have been reported in the renal 
in te rs tit iu m  (Shimamura & Bonk, 1976), and hyperplasia o f these 
renomedullary in te r s t i t ia l  ce lls  have been reported to occur in  
association with Bartters syndrome (Verbeckmoes et a l. ,  1976 and B artte r 
et a l . ,  1976). On the other hand there is evidence (Dicker & S h irley , 
1971, 1973) to show that whereas the cortex undergoes compensation 
hypertrophy in a uni-nephrectomized animal the medulla does not.
I t  is d i f f ic u l t  to explain the absence of these h igh ly specialised
vc. o. j ; cens , out th e ir  fa ilu re  to re-accommodate the medulla a fte r 
chemical in s u lt may have fa r  reaching consequences (see Chapter 7).
5.1.3 The Dose Response of Weanling Rats to In traperitoneall.y 
Administered BEA.
The weanling ra t may be res is tan t to a number of nephrotoxic compounds. 
Thus the e ffects o f BEA was assessed in young animals.
a) Animals and treatment Pairs o f male weanling rats (50g) were dosed 
with BEA (4.1) at levels of 0, 50, 100 and 150 mg/kg ip . The ra ts were 
k ille d  7 days la te r (4.2.1) and kidneys and bladder taken fo r 
histopathology.
b) Histopathology. Tissue was fixed fo r  more than 24 h and processed 
fo r  H & E (4 .2 .1 ).
c) Results. The dose response re la tionsh ip  fo r BEA in weanling rats 
d iffe red  to tha t reported above (5.1.1) fo r  adults. Low doses of BEA (50 
and 100 mg/kg) caused lim ited  lesions (Fig. 5.1.3a and b), but a dose of 
150mg/kg (Fig. 5.1.3a and c) caused to ta l medullary necrosis up to , but 
not beyond, the corticomedullary junction . The necrosed medulla had 
undergone abscission and the adjacent viable region had re -e p ith e lia lise d  
(Fig. 5.1.3c).
The bladders were normal in ra ts given up to lOOmg/kg, but a dose of 
150mg/kg caused a s im ila r loss of c o n tra c t il i ty  to tha t described above
(5.1.1) and minimal changes in the u ro th e lia l lin in g .
d) Discussion. This data suggests tha t weanling rats are less sensitive  
to BEA up to doses o f lOOmg/kg ip , but beyond th is  the extent o f lesion is 
s im ila r to adult ra ts . The high dose lesion appears more dramatic, 
however, because o f the early abscission of the necrosed medulla (w ith in  7 
days of dosing) and the re -e p ith e lia lis a tio n  o f the stump. Thus the 
ac tive ly  growing kidney appears to have a greater repa ira tive  capacity 
than the adult organ.
F ig .5 .1.3a. The response of weanling ra t  kidneys to BEA. Le ft top, 
c o n tro l;  r ig h t  top, 50mg/kg ip ;  l e f t  lower lOOmg/kg ip ;  and r ig h t  lower 
150mg/kb ip . H&E, x3.25
F ig .5 .1.3b. The e f fe c t  o f lOOmg/kg BEA given ip to a weanling r a t ,  H&E, 
xl 00.
F ig .5 .1.3c. The abscision of a necrosed pap illa  in the kidney of a 
weanling ra t given 150mg/kg BEA ip . H&E, x 80.
I t  is d i f f ic u l t  to explain th is  reduced dose response. There are a 
number of morphological features which change with age, such as basement 
membrane (Ashworth et a l. ,  1960) and the juxtaglomerular apparatus (Vesna 
& Spomenka, 1980) and several other functional changes have been reported. 
Organic ion transport is poorly developed and cannot be enhanced when other 
compounds (e.g. probenecid) are given to very young ra ts (Stopp et a l . ,  
1978) and both the quantity of urinary proteins ( in  male ra ts) and its  
molecular weight d is tr ib u tio n  varies at d iffe re n t ages (A lt et a l. ,  1980).
The immature kidney is to ta l ly  refractory to the to x ic  e ffects of 
cephalosporin a n tib io tics  (Wold et a l . ,  1977) and to dichromate and 
glycerol (Braunlich et a l. ,  1979), but not to mercuric ch loride. I t  has 
been argued (Wold et a l. ,  1977 and Braunlich et a l. ,  1979) tha t the absence 
o f a to x ic  e ffe c t re lates to the poorly developed organic ion tansport 
mechanism, because increasing s e n s it iv ity  to nephrotoxins and the 
development of the transport process are closely p a ra lle lle d . There are, 
however, a va rie ty  of other functional changes tha t do also occur in -the  
maturing kidney.
Recently, Kuo & Hook (1980) have reported tha t the a c t iv ity  o f several 
renal drug metabolising enzymes undergo a complex series of changes as the 
animal matures. Thus any attempt to pred ict the age-related sequel to a 
nephrotoxic in su lt must depend on some knowledge o f the processes involved 
in generating the proximate toxin  ( i .e .  what enzyme system).
Young rats lack an e ffec tive  urinary concentrating mechanism which may, 
in  pa rt, re la te  to the re la tive  absence of in te r s t i t ia l  MPS (Abrahams & 
P iran i, 1966), which has been confirmed chemically by Ber et a l. (1969). 
I t  has been shown previously that d iuresis ameliorates the BEA-induced RPN 
(Fuwa & Waugh, 1968), tha t Brattleboro rats are re frac to ry  to the 
p a p illo to x ic  e ffects o f BEA u n til a fte r near-normal urinary concentration 
has been restored with ADH treatment (Sabatini et a l . ,  1981a) and tha t El
does not increase the extent o f b il iru b in  related RPN in the Gunn ra t 
(Axelsen, 1980). [The Gunn ra t also suffers from a urinary concentrating 
defect, fo r  reasons tha t are s t i l l  not clear (Martinez-Maldonado et a l. ,  
1969).]
The possible contribution of urinary concentration mechanism to BEA- 
induced RPN is considered in more d e ta il below (5.2; 5.3.8; 5.4 and 5.6.2) 
and in broader terms, as i t  re la tes to the analgesic associated lesion, in 
Chapter 7.
5.2 MORPHOLOGICAL AND HISTPCHEMICAL CHANGES IN THE MEDULLA AND 
CORTEX DURING THE DEVELOPMENT OF 2-BR0M0ETHANAMINE-INDUCED RENAL 
PAPILLARY NECROSIS.
The possible functions of the abundant PoG-GAG matrix surrounding the 
medullary in te r s t i t ia l  ce lls  has already been described (2 .3 .4 .4 ), as have 
the changes in MPS sta in ing in the kidneys of human analgesic abusers,
(3 .1 .3 .1) and the loss o f MPS sta in ing from the p a p illa  o f ra ts with
a sp ir in -, fa t- fre e  d ie t-  and BEA-induced RPN. (3 .2). The location of th is  
s tru c tu ra lly  specific  macromolecule in the in te rs tit iu m  of medulla ( i .e .  
tha t part o f the p a p illa  which undergoes necrosis) suggested:
A) That the loss o f medullary PoG-GAG may, in i t s e l f ,  be an important 
fac to r in the molecular pathogenesis of RPN, and
B) The p o s s ib ility  of PoG-GAG as a marker fo r  p a p illa ry  necrosis, 
thereby circumvent the need fo r histopathology and painstaking sectioning.
a) Animals and treatment. The time-course of changes in renal 
histopathology and histochemistry was followed by administering BEA to 
200-220g male rats (number in parenthesis) at levels of 50mg/kg (20),
lOOmg/kg (10) and 150mg/kg (10) v ia  the ip route as described (4 .1 .1 ).
Groups o f ' l  to 4 animals from each dose leve l, were k il le d  (4.2.1) at 2, 4,
6, 8, 12, 24, 49, 73 and 123 hours a fte r dosing. Single untreated contro ls 
were k ille d  at 2, 6, 8, 12, 24, 73 and 123 hours, and fixed fo r  the same
period as the rest o f tha t time group. Only the kidney and bladder were 
taken from each ra t fo r  h isto logy.
b) Histopathology. Tissue was fixed fo r 22-24 h, imbedded (4 .2 .1 ), and 
se ria l sections stained by H & E, co llo id a l iron/Neutral red, Alcian blue, 
Toluidine blue, Safronin 0 and Neutral red only (see 4 .2 .1 ).
c) Results. The histopathological changes in renal architecture 
followed the same trend irrespective o f dose, but generally the most marked 
changes were caused by the higher dose leve ls.
The inner medulla showed a biphasic change. Between 2 and 6 h the 
co llec ting  ducts were d ila ted  and the tubular epithelium showed marked 
hydropic degeneration (F ig. 5.2.1a). Between 8 and 12 h c e llu la r  
architecture was almost normal, but by 24 to  48 h necrosis had occurred. 
Low doses (50mg/kg, ip) caused destruction of the in te r s t i t ia l  c e lls ,  the 
blood vessel walls and the e p ith e lia  of the th in  limbs of the loop o f 
Henle, but the co llec ting  duct e p ith e lia  and the cuboid e p ith e lia  covering 
the medulla were in ta c t ( i .e .  "intermediate necrosis", Burry, 1967). High 
doses (100-150 mg/kg) caused " to ta l necrosis" where a ll of the anatomical 
elements in the medulla had been destroyed.
Regenerative changes were apparent as early as 24 h a fte r a s ing le  dose 
Of BEA adm inistration, and included active c e ll d iv is io n  and c e ll 
migration to re -e p ith e lia lis e  the damaged co llec ting  ducts, p a p illa ry  
surface and the junction between the necrosed and the viable tissue (F ig. 
5 .2 .1 .b ). Regenerative changes were extensive by 123 h.
Eosinophilic casts were present in the co llec ting  ducts from 24 h and 
the e p ith e lia  covering the p a p illa  and lin in g  the pelvis and bladder showed 
hyperplasic change as early as 24 h a fte r BEA. The p a p illa ry  hyperplasia 
was most prominent over the areas of intermediate necrosis (F ig. 5.2.1c) or 
over the "v iab le" area adjacent to to ta l necrosis (F ig. 5 .2 .Id ) .  The 
hyperplasia of the pelv ic epithelium was most marked adjacent to the
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F ig . 5 . 2 . la .  Hydropic degeneration in medulla 4h a f te r  dosing with 
lOOmg/kg BEA ip .  H&E,x 2600.
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Fig .5 .2 .1b. Regeneration taking plac^ in damaged medulla 24h a f te r  
lOOmg/kg BEA ip . H&E,x 650.
F ig .5 .2.1c. E p ith e l ia l  hyperplasia over necrosed area 24h a f te r  50mg/kg 
BEA ip .  H&E,x325
F ig .5 .2 . Id . Hyperplasia o f the p a p i l la ry  u ro the lia  adjacent to v iab le
medullary c e l ls ,  24h a f te r  lOOmg/kg BEA ip . H&E,.x325
«$f i v  .
Fig.5.2.1e. Comparison o f MPS sta in ing in the p a p illa  of ra t treated 
with lOOmg/kg BEA ip a fte r 4h ( le f t )  and control ra t( r ig h t) .  C ollo ida l 
iron/Neutral red, x80
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F ig .5 .2 .I f .  Pronounced granular sta ining o f MPS; le f t  in p a p illa  t ip  
12h .a fte r 50mg/kg BEA ip ;  r ig h t  in  co n tro l p a p il la .  C o llo id a l 
iron/Neutral red, x 325
P f
I
C ollo ida l iron /Neutra l red, x 1300.
.
* S * /  .  ^ * r  ■*
F ig .5 .2 .1h. Loss o f MPS s tra in in g  from necrosed area 24h a f te r  lOOmg/kg 
BEA ip . Le ft H&E, r ig h t  c o l lo id a l iron /Neutra l red, x 130.
Fig. 5.2.11. Loss o f MPS sta in ing from necrosed area 24hr a f te r  lOOmg/kg 
BEA ip .  Le ft H&E, r ig h t  co l lo id a l i ro n /  Neutral red, x 325.
to ta l ly  necrosed p a p illa . The tra n s itio n a l e p ith e lia  of the bladder 
showed some variable hyperplasia by 73 to 123h.
The cortex was essen tia lly  normal up to 73 h but some s lig h t tubular 
d ila ta tio n  and increase in the space between the glomeruli and Bowman's 
capsule were apparent by 123 h.
The e a rlie s t histochemical changes in the PoG-GAG matrix were an 
increase in the in te n s ity  o f sta in ing (as assessed by co llo id a l iron , 
Safronin 0, Alcian blue and Toluidine blue) at 2 and 4 h a fte r BEA, Fig.
5.2.1e compares control MPS sta in ing with BEA treated. ' Collo ida l iron
sta in ing provided the most eas ily  visua lisab le  changes; the subtle 
differences between the red and the orange in Safronin 0 metachromasis were 
d i f f ic u l t  to photograph, as was Alcian blue (because much of the colour was 
dissolved out on ethanol dehydration) and Toluidine blue (because 
metachromasis is only pronounced in aqueous phase, but i t  is la rge ly 
suppressed in dehydrated and mounted sections). C ollo ida l iron gave a 
pronounced granular appearance, p a rtic u la r ly  at the p a p illa ry  t ip ,  at 8 to 
12 h (Fig. 5 .2 .I f )  and the normal sharp line  of demarcation between the 
PoG-GAG matrix and the e p ith e lia l ce lls  was los t and became d iffuse  at the 
apex of the medulla. Areas of non-staining surrounded the in te r s t i t ia l  
ce lls  (Fig. 5 .2 .1 .g). Between 12 and 24 h the areas of intermediate
necrosis coincided with areas of d iffuse  loss of granular co llo id a l iron
sta in ing and both co llo id a l iron sta in ing and metachromasis were absent 
from those areas where necrosis was to ta l (Fig. 5.2.1 h & i ) .  The absence 
of sta in ing from necrosed areas was maintained from 48 to 123 h. The 
adjacent non-necrosed areas of the medulla showed a narrow zone from which 
there were d iffuse  losses of s ta in ing , but beyond th is  the PoG-GAG matrix 
stained re la tiv e ly  normally.
Some of the cast material w ith in  the lumen of the co lle c tin g  ducts 
stained intensely with co llo id a l iron .
d) Discussion. Murray et a l .,  1972 have previously reported the 
h istopathological changes associated with the development of BEA-induced 
RPN in female Holtzman rats given 250mg/kg BEA iv  (Table 3 .7). The 
e a rlie s t changes reported by these authors were necrosis of the limbs of 
Henle and numerous eosinophilic droplets in the co llec ting  ducts. There 
were also casts in the limb of Henle. The f in a l lesion was s im ila r to tha t 
found in th is  investiga tion , where the area o f necrosis extended up to , but 
never beyond the corticomedu11ary junction .
There were marked differences between both the time course and the dose 
related e ffe c t reported by Murray et a l. ,  1972 (250mg/kg iv  w ith in  a lesion 
developing in 4-7 days) compared to tha t reported above (50mg-150mg/kg ip 
where the necrotic process was complete in 2 days). I t  seems u n like ly  tha t 
these differences arise from the d iffe re n t sexes of the rats used in the 
two studies, because there were no differences in the dose response 
re la tionsh ip  fo r male and female Wistar ra ts . I t  seems more l ik e ly  tha t 
differences are s tra in  related and th a t Holtzman rats are less sensitive to 
BEA than are Wistar ra ts . Bokelman et a l. ,  (1971) have reported tha t Manor 
Farm SPF rats were more sensitive to the nephrotoxic e ffects  of a NSAID 
than were Sprague Dawleyj CD ra ts . The in i t ia l  lesion which occurred 
spontaneously in the Manor Farm rats was a foca l hyperplasia of the 
p a p illa ry  e p ith e lia . NSAID caused a dose-dependent increase in the 
severity  of the lesion, m ultip le  polypoid growth and focal necrosis. 
S im ilar changes were not seen in the CD ra ts , e ithe r spontaneously, or in 
response to the NSAID, but treatment did cause a low frequency o f focal 
in te r s t i t ia l  necrosis.
In th is  regard i t  is perhaps worthy of note that the normal 24-h urine 
output fo r  the Holtzman rats used by Murray et a l . ,  1972 was higher than 
tha t fo r  Wistar rats (o f s im ila r weight) used fo r  th is  investiga tion  
(12.5mL versus 8.6mL).
An a lte rna tive  explanation might be that BEA is an unstable molecule in 
solution and may not have been prepared fresh ly  and used immediatley by 
Murray et a l. ,  (1972) as i t  was fo r  these investigations.
The accumulation of tubular ca'sts is a feature more prominent in the 
study o f Murray et a l. ,  (1972) than observed here, although casts were also 
present. Indeed cast formation has been reported in several chemically 
induced models o f RPN. These include El (Ham & Tange, 1969), aspirin  
(Molland, 1976 and 1978a,b), and the biphenyls (Hardy 1970a,b and 1974). 
S im ilar changes have also been reported to develop in fa t- fre e  d ie t related 
RPN (Molland 1978a).
The nature of these casts is uncertain, although Murray et a l . ,  1972 
reported. strong PAS pos itive  sta in ing of kidney sections ind ica ting  the 
presence of carbohydrate. Recent data, outside of the scope of th is  
d isse rta tion , suggests th a t glycoprotein material is  a major cast 
constituent (Chapter 7) but, presumably other macro-molecules may also be 
involved. The significance of cast formation to the pathogenesis of RPN is 
doubtfu l, but i t  may play an important ro le  in the development of secondary 
c o rtic a l changes (see Chapter 7).
The significance of hyperplasia of the p a p illa ry  u ro the lia  is 
uncertain. Murray et a l. ,  1972 fa ile d  to comment on i t ,  although th e ir  
photomicrographs show these changes. S im ilar hyperplastic changes of the 
pa p illa ry  or pe lv ic u ro the lia  (or o f the ep ith e lia  at the junction  between 
necrosed and non-necrosed medullary tissue) have been reported fo r  El (Ham 
& Tange, 1969), asp irin  (Molland, 1976 and 1978a,b), biphenyls (Hardy, 
1970a,b and 1974) and fa t-fre e  d ie ts (Molland, 1978a).
The fa c t tha t both acute and chronic chemical in s u lt and d ie ta ry  
deficiency cause s im ila r changes suggests tha t the hyperplastic response 
is to the developing lesion per se. I t  might be part o f a reparative 
process which forms a reservo ir from which ce lls  can migrate along the
basement membrane to fa c i l i ta te  re -e p ith e lia lis a tio n , or i t  may be due to
the changes in osmotic or e le c tro ly te  environment. This is un like ly  to be
related to disruption of the concentrating mechanism alone because the
u ro the lia  is normal in the Brattleboro ra t (McAuliffe, 1980) where urine
osm olality is low. I t  is possible tha t the BEA-induced wasting of
+  2 -  2+e lec tro ly tes  such as K , P0  ^ , Ca etc. (Sabatin i, 1981b) might, in i t s e l f  
produce the hyperplasia, or fa ilu re  to reabsorb other constituents of the 
glomerular f i l t r a te  might play a ro le .
Whatever the processes involved they warrant some research e ffo r t  in 
the fu ture  in order to throw some additional lig h t on tra n s itio n a l 
u ro th e lia l carcinomas often associated with analgesic abuse (3 .1 .3 .5 ).
The large quantities of PoG-GAG ground substance in the medulla of 
contro l rats has been discussed previously (2 .3 .4 .4 ), as has its  possible 
ro le  in normal renal function. The possible importance of th is  group of 
molecules as a va lid  marker fo r monitoring RPN non-invasively was 
suggested by the absence of MPS staining from the medulla of rats w ith BEA- 
induced RPN (Shimamura & Bonk, 1976), and both asp irin - and fa t- fre e  d ie t-  
induced RPN (Molland, 1978a,b). The data from human analgesic abusers-are 
confusing because both more intense and the absence of sta in ing has been 
reported (3 .1 .3 .1 ).
The intense sta in ing fo r  p a p illa ry  MPS sho rtly  a fte r BEA adm inistration 
should be interpreted with caution. Although i t  is  possible th a t the 
increased sta in ing represents a net increase in the quantities o f PoG-GAG 
ground substance, th is  is un like ly . The change is probably too marked to 
represent de novo sunthesis as the response is maximal w ith in  1 to 2 h, 
a fte r which i t  plateaus. I t  is possible tha t BEA in h ib its  the normal 
metabolic degradation of these macromolecules, but the turnover of 
p a p illa ry  GAG in the ra t is ty p ic a lly  measured in days rather than hours 
(Barry & Browness, 1975).
The sta in ing in te n s ity  of the MPS may, therefore, represent the
a v a ila b il ity  o f sta in ing s ites rather than absolute quantity (see
2 .3 .4 .4 ). Thus an a lte rna tive  explanation fo r the find ing  is tha t the 
medullary 1 PoG-GAG undergoes a conformational change and/or ca tion ic  
groups are displaced from the GAG polyanions in response to BEA treatment.
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Both e ffects  would make more binding s ites available fo r in te raction  with 
the sta in  .
There are a number o f observations which give circum stantial support to 
th is  argument.
1) I n i t ia l ly  great d i f f ic u l t y  was experienced when attempts were made 
to cut frozen sections from the kidneys of ra ts treated with BEA. The
tissue showed a marked cryprotection and was of a rubbery constituency at
- 70°C (see 6 .6 .2 ).
2) BEA caused a marked diuresis sho rtly  a fte r administration (6 .1 ).
3) BEA was found to cause a massive, but transien t magnesium ammonium 
phosphate c rys ta lu r ia  (6 .3 .6 ). We have also, observed a marked increase in 
b ire fringen t pa rtic les  in the nephron and in the tubules; i t  has not been 
possible to estab lish  the chemical nature of these crysta ls although they 
were acid soluble.
I f  PoG-GAG conformation did change one might expect a sudden "dumping" 
of previously bound cation ic solutes in to  so lu tion . This could give r ise  
to a d iu re tic  response and to the p rec ip ita tio n  of those products which 
exceeded th e ir  s o lu b il ity  product. This would also explain the 
cryoprotective e ffe c t.
The molecular events associated with the loss o f sta in ing are unclear, 
but the h isto logy suggests a d iffu s ive  loss of MPS from the m atrix, through 
the e p ith e lia . The change in PoG-GAG conformation might be an in i t ia l  
stage in the la te r depolymerisation of these molecules and/or subsequent 
loss of anionic groups such as carboxyl or sulphates. These changes
closely pa ra lle lled  the necrotic process with respect to th e ir  time course 
and were confined almost exclusive ly to those areas where necrosis was 
found to have occurred. In common with the observations of Shimamura & 
Bonk, 1976 no "recolonization" of the medulla by in te r s t i t ia l  ce lls  from 
adjacent (apparently undamaged areas) was detected and the necrosed 
medulla remained free  of PoG-GAG, although the "ghost" of the necrosed 
medulla did s tra in  progressively more strongly with Hale's co llo id a l iron 
up to 5 days, but not with the other MPS "se lective" sta ins.
A re la tionsh ip  has been established by other workers between a fa ilu re  
to concentrate urine and the absence of medullary MPS material in 
Brattleboro rats (Sun, 1980 and M cAuliffe, 1980). I t  seems possible tha t 
part o f the marked diuresis tha t developed w ith in  the f i r s t  hours a fte r BEA 
treatment may be explained by perturbation o f the PoG-GAG in te g r ity  
(during the f i r s t  hours) and subsequently the loss of these 
macromolecules. Evidence is presented below to support th is  hypothesis 
(6 .6 ). _
This broad concept can also be used to explain at least some of the 
secondary co rtica l e ffects tha t develop a fte r BEA treatment and also the 
molecular changes associated with the analgesic re lated lesion in man 
(Chapter 7). I t  is obviously not possible to assess i f  these changes are 
primary, nor to probe the biochemical mechanism(s) involved without 
recourse to other techniques (see Chapter 7).
5.3 FACTORS AFFECTING THE DEVELOPMENT OF 2-BR0M0ETHANAMINE-INDUCED RENAL 
PAPILLARY NECROSIS
I t  has often proved possible to derive some ins igh t in the molecular 
pathogenesis which underlies a tox ic  lesion by s p e c if ic a lly  p e r tu rb in g  a 
b io log ica l system before exposing i t  to the in s u lt.
Only d iuresis and an ti-d iu res is  (Fuwa & Waugh, 1968) and reserpine 
pretreatment (W yllie et a l. ,  1972) have been reported previously to a lte r
the course of the BEA-induced lesion. The studies described below were 
undertaken in order to probe spec ific  areas o f the BEA-related 
pathogenesis.
5.3.1 The E ffect of Reserpine Pretreatment on the Development of BEA- 
induced RPN.
Reserpine pretreatment has previously been reported to ameliorate BEA- 
induced RPN (W yllie et a l . ,  1972).
a) Animals and treatment. Reserpine fo r in jec tion  was prepared 
according to Martindale (1977). Reserpine (Sigma, Poole) 250mg, plus 
2mL benzylacohol and 250mg anhydrous c i t r ic  acid were warmed overnight at 
37°C to dissolve; lOmL polysorbate 80 was added, the mixture d ilu ted  to 
lOOmL, and passed through a 0.22 ym bacteria l f i l t e r  (Nucleopore, 
S te r il in )  in to  s te r ile  containers. The solution was stored in the dark at 
4 to 6°C. Reserpine-free vehicle was s im ila r ly  prepared.
Male ra ts , (220 to 240g) were divided in to  groups of 4 ra ts each, 
treated with a single sc dose of 0.80mg reserpine, followed 18h la te r-by 
BEA (50 mg/kg ip ) ; a second group of 4 rats were treated with a single 1.60 
mg dose of reserpine, followed 18h la te r by 50 mg/kg BEA given ip ; a group 
given vehicle only was given 50 mg/kg BEA ip , and the fourth  group acted as 
controls and received a 1.6 mg dose of reserpine and no BEA.
Rats were k ille d  a fte r 5 days and the kidneys and bladder taken fo r  
h isto logy (4 .2 .1 ).
b) Histopathology. Tissue was fixed fo r more than 24h, and processed 
fo r  H & E (4.2.1)
c) Results. The rats treated with reserpine only had normal renal and 
bladder morphology. The BEA-induced lesion was essen tia lly  s im ila r in 
rats pretreated with vehicle and both doses of reserpine and with rats 
which had received no previous treatment before a 50 mg/kg ip dose o f BEA 
(5.1 and 5.2).
d) Discussion. W yllie et a l . ,  (1972) investigated a group of drugs 
chosen by these workers to t ry  and prevent or reduce the severity  o f BEA- 
induced RPN. The chemicals they used included heparin (to  prevent f ib r in  
throm bi), sulphinpyrazone (to  prevent p la t le t  aggregation), and several 
amines with vasopressor a c t iv ity ,  such as chlorpromazine, 
phenoxybenzamine, 6-hydroxydopamine and reserpine. Reserpine was the only 
compound which ameliorated the BEA-induced lesion. Reserpine prevented 
the development o f RPN in about 20% of the rats studied and markedly 
reduced the severity  of the lesion in up to another 20% of the te s t 
animals. In addition reserpine delayed the onset ( fo r  6 to 8 days) of the 
otherwise immediate d iu res is , but once the urinary concentration mechanism 
was lo s t these changes continued fo r  at least 20 days (W yllie et a l . ,  
1972). This data was interpreted as suggesting tha t vasodilatation 
imparted to the medulla protection against a BEA in s u lt, but i t  could not 
be concluded tha t microvascular occlusion was a predeterminant in the 
development of RPN, indeed, electron microscopic (H il l  et a l . ,  1972) rand 
medullary plasma flow studies (Solez et a l. ,  1974 and Vanholder et a l. ,  
1981) discount such conclusions; as does the medullary blood vessel 
f i l l i n g  investigations described below (5 .5).
I t  is d i f f ic u l t  to suggest why reserpine pretreatment in th is  study 
fa ile d  to confer an ameliorating e ffe c t on the BEA-induced lesion while 
producing a protective e ffe c t in the hands of H e p tin s ta ll's  group. The 
marked differences between the time-course development o f the lesion 
described by Murray et a l. ,  (1972) and these investigations have been 
discussed (5.2d). The fa ilu re  to reproduce the pap illop ro tection  
described by W yllie and co-workers may re la te  to the fa c t tha t only 4 
animals were studied per group. A lte rn a tive ly  they may a rise fro m  s tra in  
differences e ith e r in the response to , or metabolism o f BEA and/or 
reserpine (5.2d).
5.3.2 The E ffect o f Pretreatment with Inducers and In h ib ito rs  of Mixed
Functional Oxidase A c tiv ity  and Thiol Protectors on BEA-induced RPN.
a) Animals and treatment Groups of three rats each (230 to 250g) were 
treated as described below, at the appropriate time BEA (100 mg/kg ip) was 
given to two of the rats and the th ird  le f t  as "treatment" con tro l. The 
rats were k ille d  4 days la te r and kidneys and bladder taken fo r  h isto logy.
The groups were treated as fo llow s: -
i )  phenobarbitone sodium (PB), 50mg/kg ip , 12-hourly fo r 48h before 
and 48h a fte r BEA
i i )  3-methylcholanthrene (3-MC) 40mg/kg ip in corn o i l  given 48 and 24h 
before BEA dosing,
i i i )  2-diethylam inoethyl-2,2-diphenylvalerate (SKF-525A)75 mg/kg given 
ip (SKF-525A was k ind ly donated by Smith, Kline & French, Welwyn Garden 
C ity ),
( iv ) cobaltous ch loride, 60 mg/kg sc 24h before, and simultaneously 
with BEA dosing,
vi)Acetylcysteine 200 mg/kg po in suspension was administered 24h 
before BEA and 24-hourly fo r  72h a fte r dosing.
v i i )  methionine 200 mg/kg po in suspension was administered 24h before
BEA and 24 hourly fo r  72h a fte r dosing.
v i i )  controls fo r  BEA response were given saline in jec tions  only.
b) Hi stop at ho logy Tissue was fixed fo r  more than 24h, and processed fo r  
H & E (4 .2 .1 ).
c ) Results The control rats given BEA had an RPN of s im ila r magnitude
to tha t already described fo r  a dose of 100 mg/kg BEA alone (5.1 and 5 .2).
There were no obvious differences between controls and rats pretreated 
with PB, 3-MC, cobaltous ch loride, acetylcysteine or methionine. However, 
the BEA-induced lesion was more marked in SKF-525A pretreated ra ts . The 
area of necrosis in these rats extended towards the corticomedullary
F ig .5 .3 .2a. Enhanced p a p i l la ry  necrosis in a ra t  t re a t in g  with SKF-525A 
before BEA-dosing, lOOmg/kg, ip .  H&E, x 80
F ig .5 .3 .2b. Prominent eosinoph ilie  casts in the c o l le c t in g  duct in a 
ra t  treated w ith SKF-525A before BEA dosing, lOOmg/kg ip ,  H&E, x 130.
F ig .5 .3 .2c. Marked tubular d ila ta tio n  in the cortex of a ra t treated 
with SKF-525A before BEA dosing, lOOmg/kg ip , H&E, x 130.
junction (Fig. 5.3.2a) tubular casts were especia lly prominent (Fig. 
5.3.2b) and the co rtica l tubules showed extensive tubular d ila ta tio n  (Fig. 
5 .3.2c).
Bladder changes were s im ila r to those described above (5.1 and 5.2).
d) Discussion. The fa ilu re  of mixed function oxidase inducers to  a lte r  
the BEA-lesion suggests tha t the liv e r  plays l i t t l e  d ire c t ro le  in e ithe r 
metabolising BEA to i ts  “proximate" nephrotoxin or in  converting any 
p a p illo to x ic  compounds to inactive metabolites. This in te rp re ta tion  may, 
however, be a ove r-s im p lifica tion  because o f the major differences in the 
response o f hepatic and extrahepatic tissue to d iffe re n t inducing agents, 
e.g. 3-MC affects many organs but PB only induces mixed functional oxidase 
in  the liv e r  and in te s tin a l t ra c t.  This problem is complicated fu rth e r by 
the d iffe re n t responses to chemicals in the medullary and co rtica l zones of 
the kidney and th e ir  d iffe re n t response to pretreatment (2 .2 .4 .5 ). 
Previously published data on the changes in furan ta rget organ se lective  
to x ic ity  fo llow ing pretreatment are most complex and must remain fo r  the 
moment, descriptive rather than mechanistic (Boyd & Dutcher, 1981).
The marked exacerbation of the BEA-induced necrosis fo llow ing SKF 525A 
treatment might be interpreted to re su lt from the fa ilu re  to deactivate a 
p a p illo to x ic  compound. The fa ilu re  of CoC^ to cause a s im ila r e ffe c t, 
together with the fa ilu re  of two d iffe re n t inducers of xenobiotic 
metabolism to ameliorate the lesion make such a conclusion equivocal. 
Whereas SKF-525A may be h igh ly spec ific  in in h ib it in g  xenobiotic 
metabolism in v i t r o , th is  compound is  known to cause diverse 
pharmacological e ffects  (Anders, 1971), most importantly in the kidney. 
In the kidney SKF-525A causes a loss of blood flow  autoregulation, a 
n a tr iu re tic  e ffe c t (see Ander, 1971) and, perhaps most s ig n if ic a n t ly ,  an 
a n ti-d iu re tic  response (Arima & K uriak i, 1959). There is also data from 
Fujimoto & Hakim (1970) which suggests tha t SKF-525A affected renal
tubular transport mechanisms. This was administered d ire c tly  to the 
kidney, using the avian Sperber preparation, in which there was no hepatic 
metabolism to consider.
S im ila rly  the fa ilure of th io l protectors to a lte r  the BEA-induced 
lesion could be interpreted as ind icating tha t BEA is not converted to  a 
chemically reactive e lec troph ile  which depletes glutathione stores. The 
uncerta inties associated with extrapolating data from hepatic systems to 
the kidney have already been outlined (2 .2 .4 .5 ), and above. The lack of 
protection from th io l agents is of p a rticu la r in te res t because BEA can 
react spontaneously (v ia  the formation of an az irid ine  ring) with a va rie ty  
of sulphydryl containing compounds (Jones, 1973 and Jones & Capps, 1977), 
under semi-physiological conditions (pH 7.4 phosphate buffer at 37°C) .
Thus one might expect tha t i f  cyc liza tion  of BEA to El was the ra te - 
lim it in g  step in the formation o f the "proximate" pap illo to x in  an excess of 
sulphydryl containing compound should (assuming i t  was present in the 
"correct" metabolic pool), ameliorate the lesion. A number o f s tra ig h t 
chain brominated compounds (James et a l. ,  1981) such as 1,3-dibromopropane 
deplete hepatic glutathione and are excreted as mercapturic acid 
conjugates. The two compounds are not, however, d ire c t ly  comparable 
because the b ifu n c tio n a lity  o f the bromine substitu tion  confers to ta l ly  
d iffe re n t physicochemical, metabolic handling and most probably 
tox ico log ica l properties.
5.3.3 The Effects of Pretreatment with Anti-oxidants and Free Radical 
Scavengers on BEA-induced RPB.
a) Animals and treatment. Groups of 5 rats each (220 to 245g were 
treated as described below, at the appropriate time BEA was given to 2 ra ts 
at 50 mg/kg ip and 2 rats at 100 mg/kg ip . The f i f t h  ra t was was le f t  as 
"treatment" con tro l. The rats were k ille d  4 days la te r and the kidney and 
bladder taken fo r  histopathology. (4 .2 .1 ).
i )  Vitamin E ( a-tocopherol acetate; Sigma, Poole) 100 mg/kg in o live
o i l  (2mL/kg), ip , given 24h before BEA treatment,
i i )  Zinc sulphate, (BDH, Poole), 5 mg/kg sc d a ily  s ta rtin g  24h before
BEA dosing. Olive o i l  (2 mL/kg) was given ip to these animals
iv ) Butylated hydroxyanisole (BHA), (Sigma, Poole) 300 mg/kg in  o live  
o i l  (2 mL/kg) ip given 24h and lh  before BEA dosing.
v) Butylated hydroxytoluene (BHT), (Sigma, Poole) 300mg/kg in o live  
o i l  (2mL/kg ip given 24h and lh before BEA dosing.
v i)  Olive o il vehicle only (contro l group fo r  BEA response) s ta rtin g  
24h before BEA and given d a ily .
b) Histopathology. Tissue was fixed  fo r  more than 48h, and tissue 
processed fo r  H & E. (4 .2 .1 ).
c) Results. Rats treated with 50 mg/kg or 100 mg/kg of BEA alone showed 
necrotic lesions s im ila r to those already described. There were no obvious 
differences in response between these rats and those pretreated w ith zinc 
sulphate.
Animals pretreated with BHA showed an altered response in one o f the two
animals treated with 100 mg/kg BEA. The necrosis was not located in the
apex of the p a p illa , but appeared to occur deeper in the medulla. There
were no changes in response in other animals.
BHT to ta l ly  protected one animal treated with 50 mg/kg BEA, but none of 
the others in th is  group.
Vitamin E pretreatment altered the response in one of the two rats 
treated with 50 mg/kg BEA , but had no obvious e ffe c t in the other animal 
or on the rats given 100 mg/kg BEA.
d) Discussion. The generation o f free radicals (Demopoulos, 1973) and 
lip id  peroxidation (Di Luzio, 1973) play an essential underlying ro le  in 
the development o f a number of n a tu ra lly  occurring and chemically-induced 
pathophysiological changes. The high concentrations of polyunsaturated
radical reaction of th is  sort and might, therefore, account fo r  the s ite  
s p e c if ic ity  of RPN.
Zinc, among its  many ro les, is a most important free radical scavenger. 
The lack of a Zn-related protective  e ffe c t against BEA-induced p a p illa ry  
necrosis suggests that th is  lesion may be unrelated to free radical 
formation. However, the detailed k ine tics  of zinc have not been well
described fo r the kidney. Thus although the dose of zinc administered does 
increase renal zinc concentrations (Bonner, 1980), there appears to be no 
data re la tin g  to how th is  free radical scavenger is d is tribu ted  along the 
nephron, nor i f  i t  is "free" or metallothionein bound.
I t  is d i f f ic u l t  to decide i f  the variab le, but a ltered responses which 
followed BHT, BHA and vitamin E treatment were real or i f  they should be 
considered "spurious" and re jected. More recent experience and tha t 
described in sections 5.3.4 to 5.3.7 have established tha t pretreatment 
can a lte r  the response to BEA. Further we have found tha t d iffe re n t ra ts 
may show a d iffe ren t.th resho ld  to BEA, fo r  example in one recent study 2 
rats treated with 35 mg/kg BEA developed a focal RPN while a th ird  ra t was 
normal. Thus although the v a r ia b i l i ty  in  response to anti-ox idant 
treatment is great, i t  may be a real e ffe c t.
BHA and BHT are both widely used as anti-oxidants in food, and have 
therefore been extensively evaluated fo r safety. The f u l l  extent of the 
b io log ica l e ffects of these compounds is complex and not f u l ly  documented. 
Both BHA and BHT prevent l ip id  peroxidation in v it ro ,  however, both 
compounds are not equipotent and both perturbate drug metabolic function  
d iffe re n tly  (Vainio, 1974). Further, BHT is metabolised to  an 
intermediate which binds to th io l containing molecules (Nagagawa & Hiraga, 
1981). Both BHA and BHT are excreted via  the renal route mostly as the 
glucuronide, less as the sulphate and up to 6% as the free phenol fo r  both
BHA and BHT, although there are marked differences in th e ir  ind iv idua l 
metabolism (Hathway, 1966). Both compounds,’ may also modify renal 
function. BHT caused a reduced urine osm olality, but BHA did not when both 
were given at dose level o f 500 mg/kg/day po (Ford et a l . ,  1980a). Both 
compounds reduced e le c tro ly te  excretion, but th is  e ffe c t may have been 
extra renal due to the anorexic e ffec ts  produced by treatment. S im ila rly , 
BHT depressed organic acid transport more markedly than BHA (Ford et a l. ,  
1980b), but these results were equivocal (see Ford et a l . ,  1980a,b fo r  
references and discussion) and may be related to other variables, 
including more subtle e ffects  such as the amount and type of d ie ta ry  lip id s  
and concomitant intake of other anti-oxidants, e.g. vitamin E (Rowe & 
W ills , 1976)
Despite the massive body of information that has been published on 
vitamin E there is very l i t t l e  data on i ts  in te raction  with the kidney per 
se. Moore & Sharman (1978) have reported tha t avitaminosis E caused 
degenerative changes in the cortex which, in addition, underwent very 
rapid post mortem auto lysis. This suggests an important d ie ta ry  ro le  fo r  
th is  vitamin in s ta b iliz in g  renal c e llu la r  membranes.
In the present study a ll of the animals pretreatment w ith vitamin E were 
not protected against BEA-induced necrosis of the medullary in te rs tit iu m , 
but the covering epithelium was le f t  in ta c t. This may be an important 
fac to r fo r  renal recovery and re -e p ith e lia liz a tio n  o f the co lle c tin g  
ducts.
On the other hand i t  may be to ta l ly  inappropriate to use th is  data as a 
basis fo r  developing means of intervening in the course of a ch ron ica lly  
induced lesion (7 .3 .5 ).
5.3.4 The Effects of Pretreatment w ith Non-steroidal Anti-inflam m atory, 
and Analgesic- and N5AID-like Compounds on BEA-induced RPN.
Analgesics and NSAID play an important ro le  in the development of RPN.
There was no published data on the in teraction  between these compounds and 
BEA. This study was undertaken to establish what type, i f  any, in te raction  
occurred.
a) Animals and treatment. Groups of 5 rats each (220 to 245g) were 
treated as described below, at the appropriate time BEA was given to 2 rats 
at 25 mg/kg ip and 2 rats at 50 mg/kg ip . The f i f t h  ra t was le f t  as 
"treatment" con tro l. The rats were k ille d  4 days la te r and the kidney and 
bladder taken fo r histopathology (4 .2 .1 ).
A ll the chemicals were in d iv id u a lly  f in e ly  ground in a pestle and mortar 
and suspended in water containing 0.67% (v/v) Tween 80 (Sigma, Poole) as 
dispersant. A ll o f the compounds (supplied by Sigma, Poole) were 
constituted to be given po in 1 mL o f vehicle per ra t.  The compounds 
were:-
i )  A sp irin , 1 mmol/kg, po,
i i )  Dexamethasone, 25. mg/kg, po,-
i i i )  Paracetamol, 1 mmol/Kg, po, _
iv ) Phenacetin, 1 nmol/kg, po,
v) N-Phenylanthranilic acid, 1 mmol/kg, po, 
iv ) Vehicle only (control group fo r  BEA response on ly).
The animals were dosed with te s t compounds 24h and 6h before the BEA was 
administered. The rats were k ille d  a fte r 4 days (4 .2 .1 ).
b) Histopathology. The kidneys and bladder were taken fo r  h isto logy and 
fixed fo r  more than 24h, and processed fo r  H & E (4 .2 .1 ).
c) Results. The rats pretreated with vehicle only showed a response 
s im ila r to tha t already described, there were no lesions at 25 mg/kg BEA 
and 50 mg/kg caused an apex lim ited  lesion, where the covering e p ith e lia  
was generally le f t  in ta c t.
Dexamethasone pretreatment caused no obvious changes from th is .
A ll the analgesic type compounds caused a markedly increased
s e n s it iv ity  to BEA, in which there were focal necroses at 25 mg/kg and 
variable but extensive medullary ablation fo llow ing 50 mg/kg BEA.
The changes in the bladder were apparent a fte r 25 mg/kg and 50 mg/kg BEA 
in animals with RPN. Changes were s im ila r to those described (5.1 and 
5 .2).
d) Discussion The marked synerg istic  in te raction  between BEA and 
analgesic compounds and NSAID analogues (but not a s tero ida l a n ti­
inflammatory) is an in te resting  fin d in g . Recently, Wirdnam e t a l . ,  (1981) 
repeated th is  investigation and found tha t the system is most complex. 
Pretreatment (24h and 6h before BEA) with low doses of asp irin  (0.1 and 0.5 
nmol/kg po) g rea tly  exacerbate the RPN caused by a threshold dose o f BEA 
(35 mg/kg ip ) . High doses of asp irin  (2.0 and 5.0 mmol/kg po), however, 
to ta l ly  prevented p a p illa ry  necrosis, although there were changes in the 
renal in te rs tit iu m . By contrast, pre-treatment with a ll dose levels of 
paracetamol (0.1, 0.5, 1.0, 2.0 and 5.0 mmol/kg po give 24h and 6h before a 
threshold dose o f BEA) exacerbated the RPN. r
These results are d i f f ic u l t  to in te rp re t without fu l le r  investiga tions. 
I t  is ,  however, tempting to speculate tha t the fa ilu re  to induce RPN using 
very high doses of asp irin  (Rosner, 1976) contrasted with the successful 
use of low doses (Molland 1976, 1978a,b), may be explained by the high dose 
protective e ffe c t seen by us. However, our find ings would not explain the
i
fa c t tha t paracetamol appears to be only a weak p a p illo to x ic  compound on 
its  own (Molland, 1978a).
The response could be explained by cyclo-oxygenase in h ib it io n  before 
BEA treatment having prevented the synthesis of PG's which normally 
antagonise the action of ADH (Beck & Dunn, 1981). This might be expected 
to produce an a n ti-d iu re tic  state in the kidney which would exacerbate the 
BEA-induced lesion (see 5 .4). The protective e ffe c t o f high dose asp irin  
tends, however, to discount th is  idea. I f  the lesion is re lated to the co­
oxygenation of BEA to a reactive metabolite i t  is possible tha t low 
"doses" of irre ve rs ib le  co-oxygenase in h ib ito rs  (such as asp irin ) might 
induce enzymic a c t iv ity  and increase the amount of b io lo g ica lly  reactive 
intermediates, but tha t high doses would to ta l ly  in h ib it  the conversion o f 
BEA to i ts  "proximate" p a p illo to x in . Paracetamol, a re la tiv e ly  poor and 
reversib le  in h ib ito r  of th is  enzyme system might only promote activa tion  
and exacerbate the lesion. Whatever the mechanism i t  demonstrates tha t 
complex and subtle in te rac tive  e ffects might a lte r  the development of RPN.
Axelsen (1980) has reported tha t asp irin  treatment g reatly  increases 
the frequency and severity  of RPN proportiona lly  with dose in the Gunn ra t,  
but paracetamol and phenacetin caused markedly less response. Further, he 
found no differences between the response of Gunn rats and Sprauge-Dawley 
rats to increasing doses of E l. Axelsen (1980) suggested the potentia l 
value of th is  model fo r  studying the pathogenesis of RPN and fo r  comparing 
the r is k  associated with various drugs. He ignored, however, the 
spontaneous occurrence of the lesion with progressive age as more and more 
b i l ir u b in - l ik e  material is deposited in the p a p illa . Thus any compounds 
which displace plasma bound b iliru b in  (asp irin ) would be l ik e ly  to g rea tly  
exacerbate the lesion, while those tha t are only poorly albumin bound (both 
paracetamol and phenacetin) might be expected to cause minor changes. 
Furthermore, the assertion tha t the Gunn ra t is no more sensitive  to El 
than other species may not be true , because there is  a urinary 
concentration defect in these animals (Martinez-Maldonado et a l . ,  1969) 
which should afford protection against E l.
Although th is  approach may have some use as a screening tes t i t  must be 
regarded with circumspection u n til such time tha t the e ffe c t o f other 
compounds (e.g. sulphonamides and w arfarin ), which are known to displace 
b il iru b in ,  have been investigated fo r  th e ir  p a p illo to x ic  (?) e ffe c ts .
The in te raction  between BEA and several l ik e ly  p ap illo tox ins  may
provide a useful means of undertaking short term screening of chemicals 
which cause, and factors tha t predispose to , RPN. This is p a rt ic u la r ly  
important because previous safety evaluation of the p a p illo to x ic  po tentia l 
of analgesic and NSAID compounds has been complicated by the fa c t tha t 
unknown variables make the induction of RPN most irreproducible (3 .2 .3 ), 
Rosner, 1976. There are differences in the s e n s it iv ity  o f d iffe re n t 
species (Bokelman et a l . ,  1971), not a ll animals in a group develop the 
lesion, even i f  the like lihood  is enhanced by dehydration , long periods 
of treatment may be required (3.2.3.2) and i t  is easy to-miss focal RPN 
when kidneys are examined h is topa tho log ica lly .
I t  is  normally only analgesics -NSAID which are scrutin ised fo r  th is  
tox ico log ica l e ffe c t. Thus the true spectrum of chemicals which might 
cause th is  lesion remains unchartered and there is no means by which 
compounds can be assessed and compared.
5.3.5 The E ffect of Ethan-l-ol-2-amine (EA Hydrobromide Pretreatment on 
the BEA-induced RPN Dose Response Curve.
The s tructu ra l s im ila r it ie s  between BEA and EA (a natural component of 
phospholipids) suggests tha t BEA might mediate its  p a p illo to x ic  e ffec ts  by 
in h ib itin g  normal in te r s t i t ia l  l ip id  metabolism. Accordingly the 
papi11oprotective e ffe c t of EA was assessed.
a) Animals and treatment. The e ffects of EA on renal morphology was 
assessed by in jec tin g  male Wistar ra ts (200-225g) with a single ip dose of 
EA HBr dissolved in saline at concentrations of 25, 50, 100, 200, 500 and 
1000 mg/kg. Only one ra t was used fo r  each dose leve l.
Animals were k ille d  a fte r 5 days and the bladder and kidneys, o f each 
taken fo r  f ix in g  (4 .2 .1 ). Other organs were examined macroscopically.
A fte r the e ffe c t o f EA, per se, on the kidney had been established (see 
below) a group of 16 rats (male Wistar, 210-230g) were studied. Groups o f 
4 rats each were dosed with saline alone, with 10 mg/kg, with 100 mg/kg, or
with 500 mg/kg EA v ia  the ip route. A fte r 35 min the groups were divided 
equally fo r  BEA treatment; 2 from each group were dosed with 50 mg/kg ip , 
the other 2 with 150 mg/kg ip .
The animals were k ille d  5 days la te r (4 .2 .1 ), and both kidneys and 
bladder fixed from each animal. Other organs were assessed 
macroscopically.
b) Histopathology The tissues were fixed fo r 24h and processed fo r  H & 
E (4 .2 .1 ).
c) Results. A ll organs from the EA treated animals, over the whole dose 
range, were normal macroscopically. S im ila rly , the renal morphology was 
normal over the en tire  dose range of EA, from 25 to 1000 mg/kg when 
assessed m icroscopically.
The animals pretreated with the saline vehicle only showed p a p illa ry  
changes commensurate with the dose of BEA they received, i.e .  la rge ly  
in te r s t i t ia l  necrosis at 50 mg/kg and necrosis of most of the medullary 
elements at 150 mg/kg, as described above.
Treatment with 10 and 100 mg/kg EA produced no obvious changes in 
medullary response to BEA. Pretreatment with 500 mg/kg EA ameliorated the 
marked tubular necrosis seen in rats given 50 and 150 mg/kg BEA alone, but 
there was s t i l l  in te r s t i t ia l  necrosis. The tubule and co lle c tin g  duct 
e p ith e lia  appeared re la tiv e ly  normal,and the absence o f m ito tic  figures 
suggesting tha t th is  was not a re -e p ith e lia lis in g  population.
d) Discussion. The renal medullary in te r s t i t ia l  ce lls  are 
characterised by th e ir  high lip id  contents, much of which is present as 
phosphatidylcholine (2 .3 .4 .2 ). The s p e c if ic ity  of BEA fo r the medulla, 
p a rt ic u la r ly  the renal in te r s t i t ia l  ce lls  suggests tha t th is  c e ll type may 
be inherently and pecu lia rly  sensitive to certa in  types of tox ic  in s u lt .
Phosphatidylethanolamine may be methylated to form phosphatidylcholine 
in several tissues including liv e r  and brain (Morganstern & A bde l-La tif,
1974 and Tinoco et a l. ,  1979), but there appear to be no data on e ithe r
r
the kidney as a whole or the medullary in te r s t i t ia l  c e lls . Choline 
deficiency causes a renal necrosis which, according to the lite ra tu re , is 
confined to proximal convoluted tubule necrosis (Keith & Tryphonas 1978). 
The co rtic a l location of th is  lesion suggests tha t choline although a major 
constituent of a medullary phospholipd may not be the "d ire c t"  precursor of 
phosphatidylcholine in the in te r s t i t ia l  c e lls .
This study was undertaken to assess i f  BEA might be a competitive 
in h ib ito r  o f any EA incorporation in to  medullary renal metabolism. The 
data from rats pre-treated with 10 or 100. mg/kg EA give an inconclusive 
p ic tu re , although there was an impression tha t a s lig h t protective e ffe c t 
may- have been produced. Rats treated with the highest dose of EA (500 
mg/kg) d id , however, have a protection against both dose levels o f BEA. 
The large quantity of EA required to produce an amelioration may re fu te  the 
hypothesis, but equally i t  may re fle c t a medullary lip id-phospho lip id  
pool tha t is . only entered via  spec ific  intermediates, fo r  example as 
phosphatidyl ethanol amine. I t  is also possible that the highest dose of EA 
e ithe r a lte rs  some other aspect of renal function or a lte rs  BEA metabolism. 
Obviously fu ture  c r i t ic a l investigations w il l  have to delineate the 
in te r s t i t ia l  phospholipid—fa tty  acid pools and th e ir  metabolic turnover, 
preferably using an in  vivo system where extra-renal metabolic e ffec ts  are 
minimised. A lte rn a tive ly  pure cultured renal in te r s t i t ia l  ce lls  may o ffe r  
fundamental data upon which in vivo studies can be based.
The possible importance of pap illop ro tec tive  substances is described 
la te r (7 .1 .) .
5.3.7 The E ffect of Experimentally-induced Diabetes M e llitus  on the BEA- 
induced RPN Dose Response Curve.
Diabetic patients may develop RPN as one of the complications tha t are 
part of d iabetic nephropathy (3 .1 ). The observation tha t analgesic
and NSAID pretreatment exacerbated the BEA-induced RPN (5.3.4) suggested 
tha t the d iabetic kidney may be more sensitive to p a p illo to x ic  in su lts . 
This was studied in animals w ith experimentally induced diabetes.
a) Animals and treatment. Diabetes was induced in 6 male Wistar ra ts 
(120-130g) by in jec ting  50 mg/kg o f streptozotocin (Upjohn, Kalamazoo) iv . 
The streptozotocin was dissolved immediately before use in  0.1 mmol/L (pH 
4.5) c itra te  bu ffe r. Dr. Peter Evans administered the streptozotocin by 
t a i l  vein in je c tio n .
Rats were le f t  fo r 72h, then two rats were injected with saline and 
single rats with 10, 25, 50 and 100 mg/kg BEA ip (4 .1 ). The group was 
k ille d  72h la te r and th e ir  kidneys and bladder taken fo r  h isto logy.
b) Histopathology. Tissue was fixed fo r  24h and processed fo r  H & E
(4 .2 .1 ).
c) Results. There were no renal abnormalities in the streptozotocin 
treated rats nor in the d iabetic animals treated w ith BEA and the
morphology of a ll the bladders was also normal.
d) Discussion. Experimentally induced diabetes most often uses
streptozotocin because i t  is target "sp ec ific " fo r  pancreatic is le t
3-c e lls ,  and i t  is less tox ic  than alloxan. The c lin ic a l use o f
streptozotocin has, however, been lim ited  by its  nephrotoxic ity, a find ing  
confirmed in experimental animals (Levine et- a l. ,  1980) but only using 
large doses (greater than 100 mg/kg). The dose of streptozotocin used in 
th is  study was adequate to cause a d iabetic state (blood glucose level 200- 
300 mg%, normal value 80 mg %, Evans 1982), but would not cause
nephrotoxicity. I t  would, however, cause an increased glomerular 
f i l t r a t io n  rate (Carney et a l. ,  1979), and may perturbate both blood 
pressure and the renin system (Kohler et a l . ,  1980). While some o f these
changes are a consequence o f the d iabetic  state others are assumed to be
caused by a d ire c t nephrogenic e ffe c t.
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I t  is d i f f ic u l t  to explain why an experimentally induced diabetes 
should protect against the p a p illo to x ic  e ffe c t of BEA. This pro tective  
e ffe c t might re la te  to the ameliorating e ffe c t o f the polyuria induced by a 
d iabetic state (see 5 .4). Recently, rats with streptozotocin-induced 
diabetes have been reported to be protected from the cortex directed 
nephrotoxic e ffects  of a number of chemicals (Vaamonde et a l . ,  1981). 
Although there are circumstances where renal ce lls  remain re fra c to ry  to a 
second challenge a fte r a primary in s u lt (Magos, 1982), i t  is d i f f ic u l t  to  
accept th is  as an explanation fo r these find ings because streptozotocin 
causes damage to the proximal tubules, but not the medulla (Levine et a l . ,  
1980).
5.3.8 The Effects o f P a rtia l Renal Papillectomy on the Development o f BEA- 
induced Renal P ap illa ry  Necrosis.
Previous work by Hardy (1970a,b, 1974) showed that surgical abscission 
of the apex of the papillae prevented the development of secondary co rtic a l 
cystic  d ila ta tio n  in rats treated with biphenyls such as N- 
phenylanthanilie acid and diphenylamine. The biphenyl-induced lesions are 
apparently confined to the p a p illa ry  t ip  irrespective o f dose, whereas the 
BEA-induced lesion, as reported e a r lie r  in  th is  thes is , shows a dose 
response re la tionsh ip  from a focal apex lim ited  lesion to to ta l medullary 
ablation depending on dose (5 .1 ), route of administration (5.1) and 
pretreatment (5 .3).
5.3.8.1 The e ffe c t o f p a rtia l renal papillectomy on renal morphology. The 
changes in renal morphology fo llow ing p a rtia l papillectomy were assessed 
at various time in te rva ls  a fte r surgical manipulation.
a) Animals and treatment. A group of 14 male Wistar ra ts  (55-65g) were 
subjected to u n ila te ra l p a rtia l papillectomy (4 .1 .3 .3 ). Two ra ts fa ile d  
to recover from anaesthetic and the kidneys were used as "zero day" 
papillectomy. Pairs o f animals were randomly selected fo r  k i l l in g  at 2, 8, 
15, 23, 26 and 45 days.
death. Live animals were k ille d  as described (4.2.1) and the kidneys and 
bladder taken fo r h isto logy. One pole was cut o f f  the p a r t ia l ly  
papillectomized kidney to id e n tify  i t .  Tissue was fixed  fo r  26 h and 
processed fo r H & E  and MPS sta in ing (4.2.1 & 4 .2 .2 ).
c) Results. The kidneys taken from rats at day zero showed a clean 
abscission line where the p a p illa  t ip  had been removed. Within 2 days 
there were signs o f re -e p ith e lia lis a tio n , (Fig. 5.3.8a) which was 
complete by 8 days (Fig. 5.3.8b) and remained stable the rea fte r. Most 
o f the animals suffered from a minor, but pers isting  haematuria and there 
was evidence o f bleeding from the trucated p a p illa  in a ll but one of the 
rats studied at 45 days. Erythrocytes formed small casts in the ureter 
(F ig. 5.3.8c) or in  the medulla stump (Fig. 5.3.8b).
The rest of the papillectomized kidney and the con tra la te ra l kidney 
were normal. There was no MPS sta in ing immediately behind the lin e  of 
abscission and there was a general impression tha t MPS sta in ing was also 
reduced in the p a r t ia lly  papillectomized medulla (Fig. 5 .3 .8d) compared 
to the contra la tera l kidney. (Fig. 5 .3 .8e).
d) Discussion The major difference between these resu lts  and those 
reported by Hardy (1970a,b) is the protracted haematuria th a t followed 
the surgical abscission of the p a p illa  in most of the animals. A ll the 
blood appeared to be from the p a p illa  t ip ,  and the pe lv is  contained 
epithelia-covered blood c lo ts . S im ilar protracted haematuria was
reported by Molland, 1978a. Recently, (Thurston, H., Personal
communication) has suggested tha t th is  re lates to the low levels of 
vitamin K in most commercial ra t d ie ts and tha t haematuria can be 
prevented by administration o f adequate doses o f phytomenadione pre- and 
post-su rg ica lly .
F ig . 5 . 3 . 8a. P a r t i a l l y  pap il lec tom ized medulla 
resection , H&E, x 130.
stump 2 days a f te r
F ig . 5 . 3 . 8b. P a r t ia l ly  papillectomized medulla stump 8 days a f te r  
resection , H&E, x 160.
F ig .5 .3 .8c. Formation o f blood casts in the ureter adjacent to resected 
medulla stump a f te r  26 days, H&E, x 130.
F ig .5 .3 .8d . D is tr ib u t io n  o f MPS in medulla stump 8 days a f te r  p a r t ia l  
papillectomy. Collo ida l iron /Neutra l red, x 130.
5.3.8.2. The e ffe c t o f p a rtia l renal papillectomy on BEA-induced
p a p illa ry  necrosis and secondary co rtica l changes.
a) Animals and treatment. A group of 8 male Wistar ra ts (50-60g) 
were subjected to un ila te ra l p a rtia l papillectomy (4.1 .3 .3) and le f t  to 
recover fo r  21 days. Rats were randomly divided into two equal groups, 
one of which was treated with 50mg/kg and the other group given 150mg/kg. 
Two rats from each group were k ille d  a fte r 7 days and the remaining two 
from each group at 30 days.
b) Histology. Rats were k ille d  as described (4.2.1) the pole was cut 
o f f  the papillectomized kidney ( fo r  id e n tif ic a tio n  purposes) and the 
tissue fixed fo r 25h and processed fo r H & E (4 .2 .1 ).
c) Results. The results  were variable w ith in  dose and time groups, 
but the p a r t ia l ly  papillectomized kidney was always less affected by BEA 
treatment than its  contra la te ra l kidney. The most s tr ik in g  example o f 
the protective e ffects o f p a rtia l papillectomy was seen in rats treated 
w ith 50mg/kg BEA a fte r 7 days (Fig. 5 .3 .8 f) and 150 mg/kg BEA a fte r 30 
days (Fig. 5.3.8 g). Here small fragments o f ghost p a p illa  were a ll 
tha t remained in the pe lv is of the cystic  contra la tera l kidney, whereas 
there was some necrosis at the medulla stump (in  the p a r t ia l ly  
papillectomized kidney) and the cortex appeared normal.
Bladder ca lcu li were found in one of the rats 30 days a fte r treatment 
with 150mg/kg o f BEA. Figure 5.3.8h shows the gross changes tha t had 
taken place in the bladder. The inorganic chemical composition of these 
ca lcu li are discussed below (see 6.3.6) together with th e ir  possible 
s ign ificance.
d) Discussion. Findings from the p a rtia l papillectomy model 
indicate tha t there may be a fine  d is tin c tio n  between the biphenyls 
(which only necrosed the su rg ica lly  ablated region), BEA where i t  
afforded protection and asp irin  (Molland, 1978a) and El (Hardy, T .L ., 
personal communication) where the surgical resection had no e ffe c t on
F ig .5 .3 .8e . D is tr ib u t io n  o f MPS in normal kidney p a p i l la  8 days a f te r  
rescetion o f the con tra la te ra l p a p i l la  shown in F ig .5 .3 .8d . C o llo ida l 
iron /Neutra l red, x 130.
F i g . 5 . 3 . 8 f .  Comparison o f  the p r o te c t iv e  e f f e c ts  o f  p a r t i a l  
papillectomy in response to BEA 50mg/kg ip a f te r  7 days. L e ft  p a r t ia l l y  
papillectomized kidney, r ig h t  con tra la te ra l con tro l.  H&E,x 3.25.
F ig .5 .3 .8 g . Comparison o f  the p r o te c t iv e  e f f e c t s  o f  p a r t i a l
p a p i l le c to m y  in  response to BEA 150mg/kg ip a f te r  30 days. Le ft 
p a r t ia l l y  papillectomized kidney, r ig h t  con tra la te ra l c o n tro l.  H&E, x 3.25
F ig .5 .3 -8h . Bladder o f a p a r t ia l l y  papillectomized ra t  which contained 
c a lc u l i  30 days a fte r  treatment w ith 150mg/kg BEA ip .  H&E, x 65.
related to s tra in  or sex d ifferences, or the persistance of 
haemorrhaging in both th is  study and that of Mollands, or to the fa c t 
tha t Hardy used a dose of El tha t would cause to ta l ablation o f the 
medulla.
The fa c t that p a rtia l papillectomy can confer protection against RPN 
caused by BEA raises some in te resting  p o s s ib ilit ie s , the understanding 
o f which may help explain the molecular pathogenesis. Hardy (1970b) 
showed tha t uninephric p a r t ia l ly  papillectomized rats had the same urine 
concentration capacity as uninephric contro ls. This suggests tha t the 
p a p illa  t ip  may not be an essential part of the concentrating apparatus. 
Indeed rats with N-phenylanthranilic acid-induced RPN (a pa p illa , t ip  
lim ited  lesion) regain most of th e ir  concentrating function (Hardy, 
1970a).
This supports the idea tha t p a rtia l papillectomy does not, per se, 
cause a concentrating defect which would, in i t s e l f ,  ameliorate the BEA- 
induced lesion. The reduction of MPS sta in ing in the p a rt ia lly , 
papillectomized kidney may, however, re la te  to an altered concentrating 
capacity w ith in  the medulla, tha t is compensated fo r elsewhere in the 
kidney (see 7 .1).
A lte rn a tive ly , the in te r s t i t ia l  ce ll at the pap illav t ip  may have a 
specialised function tha t makes them more susceptible to  in s u lt ;  from 
which a progressing pathobiological change, is generated to adjacent 
in te r s t i t ia l  c e lls . The in te r s t i t ia l  ce lls  in the p a p illa  apex are 
morphologically d iffe re n t (Bohman, 1980), in tha t they are round and 
lack the many s te lla te  processes found on other medullary c e lls .
5.4 THE EFFECTS OF DEHYDRATION ON THE RESPONSE OF THE RENAL PAPILLA TO 
2-BR0M0ETHANAMINE.
Dehydration has often been cited  as an exacerbating fac to r in the
development of renal p a p illa ry  necrosis in both man (3 .1 .2 ) .and in the 
experimentally induced lesion (Table 3.5).
The studies described below were undertaken in the Department of 
B io log ica l Sciences, University of Natal, Durban, South A frica . 
F a c ilit ie s  were k ind ly  made available by Professor Pat Berjak.
a) Animals and treatment. Two groups of 9 male Wistar ra ts 
(U n ivers ity  o f Natal stock) were housed in open bottomed cages (over so ft 
wood shavings) in a natural l ig h t cycle fo r  four days. The ra ts were 
maintained on Epol ra t cubes (Epol O il and Cake M il l ,  Durban) and tap 
water was available ad lib itu m .
The water was withdrawn from one group (the dehydrated group) fo r  24h 
before BEA dosing. BEA was administered at the fo llow ing levels (number 
o f rats in parenthesis), 0 (1 ), 12.5 (1 ), 25 (2), 50 (2 ), 100 (2) and 150 
(1) mg/kg ip to both groups and water was returned to the 24h dehydrated 
group.
The dehydrated ra t treated with 150mg/kg BEA died w ith in  the f i r s t  20h 
(no tissue was taken fo r  h isto logy because of auto lysis) and one of the 
two dehydrated rats (given 100 mg/kg BEA) died about 50h a fte r dosing. 
Both kidneys and the bladder were removed w ith in  2h of death fo r  f ix in g .
The remaining rats were k ille d  72h a fte r BEA dosing (4.2.1) and the 
kidneys and bladder from each fixed in form al-saline fo r  24h.
b) Histopathology. Tissue was wax imbedded and sections processed 
fo r  H & E (4 .2 .1 ).
c) Results. The kidneys from contro ls and 12.5mg/kg BEA treated ra ts 
were m icroscopically normal. BEA doses of 25mg/kg and more caused a dose 
response RPN s im ila r to that described above (5 .1 ). There were, 
however, differences between the two groups. The response was fa r  
greater in dehydrated ra ts , where necrosis affected more of the medulla 
and secondary c o rtica l cystic  tubu lar d ila ta tio n s  were fa r  more marked.
d) Discussion. The lower threshold dose at which BEA caused a 
necrotic lesion in these Natal ra ts , compared to those of U niversity o f 
Surrey stock, could be explained on the basis of genetic, d ie ta ry  and/or 
environmental differences.
Fuwa & Waugh (1968) showed that d iuresis prevented the development of 
the BEA-induced lesion and a n ti-d iu re tic  hormone exacerbated i t .  
Recently, Sabatini et a l. ,  (1981a) reported tha t a fte r the 
administration of ADH to Brattleboro rats they became sensitive to the 
p a p illo to x ic  e ffects o f BEA, but not u n til the urine concentrating 
a b i l i t y  had been restored to near normal.
The enhanced s e n s it iv ity  to BEA in an a n ti-d iu re tic  state (as opposed 
to the protective e ffe c t of a d iuresis) has always been explained on the 
basis o f augmented counter current concentration increasing the 
medullary concentrations o f the p a p illo to x in . Perhaps, however, a 
d is tin c tio n  should be made between the increased medullary 
concentrations of BEA (because o f enhanced counter cu rre n t' 
concentration) and an increased s e n s it iv ity  o f medullary ce lls  to  BEA 
when they are biochemically programmed fo r  a n ti-d iu re s is . The medullary 
concentrations of BEA w il l  normally be reduced because BEA causes a 
d iuresis (see 6 .1 .1 ). Shortly a fte r i ts  administration and well before 
the e a rlie s t l ig h t microscopic changes are apparent. Only electron 
microscopy w il l  provide an unequivocal answer, but i t  suggests tha t BEA 
may a lte r  a c e llu la r function before i t  disrupts the architecture ( i .e  
loops of Henle e tc .) of counter current concentration. This suggests a 
"biphasic" d iuresis which is promoted in the early  stages by changes in 
c e llu la r  function and la te r by loss o f the loops of Henle and th e ir  
associated structures. The disruption of these c e llu la r  processes by 
BEA may be a key fac to r in the pathogenesis of the lesion. I t  also seems 
un like ly  tha t maximal counter current concentration is a prime important
• u o  » U I  u  U U  n c  I 1 U V C  I Cl^CI I n y  i uunu unat xne tnresnoid dose o f BEA in 
the Gerbil is 200mg/kg. This is  surprising in a species which 
concentrate urine to a maximal 5500 mOsml/L (Black, 1955), a value twice 
tha t o f the ra t. Thus i f  urine concentrating capacity was the only 
determinant o f s e n s it iv ity  to BEA the Gerbil should be more sensitive 
than the ra t. The morphology of the Gerbil kidney does, however, d if fe r  
from that o f the ra t,  in tha t the medulla is more (and the cortex less) 
prominent, and a greater proportion of long loops of Henle in the Gerbil 
contribute to a more e ff ic ie n t kidney fo r counter current concentration. 
Thus the greater stress to the ce u llu la r processes of a n ti-d iu res is  in 
the ra t may increase the s e n s it iv ity  of the medulla to BEA. 
A lte rn a tive ly  there may be other species related factors which account 
fo r these differences.
5.5. THE EFFECT OF 2-BROMOETHANAMINE ON THE FILLING OF THE PAPILLARY 
MICROVASCULAR SYSTEM.
Several workers have suggested tha t compromised medullary vascular 
f i l l i n g  may cause anoxia and ischaemic in ju ry , which subsequently 
precip ita tes renal p a p illa ry  necrosis (3 .2 .2 .2 ). The evidence in favour 
of such a mechanism is co n flic tin g  (3.2.5.2)'. The degenerative vascular 
changes associated with aspirin-induced p a p illa ry  necrosis (Molland, 
1976, 1978a), and with the lesion reported in human analgesic abusers 
(Burry et a ! . ,  1977; Burry 1978 and Mihatsch et a l. ,  1980 a, b, c) is 
thought by many, to substantiate a cause-and-effect re la tion sh ip . I t  
is ,  however, impossible to be certa in  i f  these microvascular changes 
precede, pa ra lle l or fo llow  a chron ica lly  induced necrosis in  the 
medulla.
Published data from an acutely induced renal p a p illa ry  necrosis is 
c o n flic t in g . Consensus favours the view tha t the process o f necrosis 
fo llows or at least pa ra lle ls  microvascular changes (Ham & Tange, 1969;
Murray et a l. ,  1972; H il l  et a l . ,  1972; W yllie et a l . ,  1972; Solez et 
a l. ,  1974 and Vanholder et a l . ,  1981), but several workers (Davies, 1970; 
Cuttino et a l. ,  1981) disagree. These studies each su ffe r from one or 
more experimental design flaws. F irs t ly ,  Indian ink has commonly been 
used as a convenient source of co llo id a l carbon in order to assess 
medullary vascular f i l l i n g  (Ham & Tange, 1969, Davies, 1970 and Molland, 
1978). Drawing ink contains a number of additives (e.g. phenol and 
g lue), however, which might cause unpredictable vaso-responses in a 
kidney that has already been exposed to a chemical in s u lt.  Secondly, the 
co llo id a l nature of the carbon p a rtic les .im pa rt a substantial oncotic 
pressure, which could cause haemodynamic changes w ith in  the kidney in 
response to a hypertonic lead. T h ird ly , both ethylenimine (Axelson, 
1978) and 2-bromoethanamine (5.1) cause a dose related lesion, the 
e ffe c t of which plateaus at high concentrations. Previous studies 
(Murray et a l. ,  1972; H il l  e t a l . ,  1972, W yllie et a l. ,  1972; Solez et 
a l. ,  1974 and Cuttino et a l. ,  1981) used doses o f 2-bromoethanamine (250 
mg/kg) which in our experience (see previous sections) caused extensive 
ablation o f the medulla. F in a lly , work from Gal 1 i et a l . ,  1979 has 
recently highlighted the marked haemodynamic changes tha t occur in the 
kidneys of anaesthetised animals.
The aim o f th is  study was to fo llow  the time course changes in the 
renal m icrovascularity and morphology a fte r a dose of 2-bromoethanamine 
adequate to cause p a p illa ry  necrosis, but in s u ffic ie n t to ablate the 
en tire  medulla. Vascular f i l l i n g  was assessed using pure iso-osmotic 
co llo id a l carbon (a t 37°c) administered to conscious, unrestrained ra ts 
tha t had been chron ica lly  cannulated via the r ig h t external jugu lar 
■ vein. :■
a) Animals and treatment. Chronic venous cannulation (4 .1 .3 .5) was 
performed on 15 male rats (200-240g) husbanded as described previously
(4 .1 ). A ll animals were prepared su rg ica lly  on the same day, a fte r which 
they were housed in d iv id u a lly  fo r  48h before being randomly assigned fo r  
treatment. 2-Bromoethanamine (50mg/kg ip) was administered to 12 rats 
and 3 animals served as saline treated contro ls. Single contro l ra ts 
were k il le d  at 2, 8 and 26h a fte r saline treatment, and 2-bromoethanamine 
treated rats (numbers shown in parenthesis) were k ille d  at 2 (3 ), 4 (2 ), 
8 (3), 26 (2) and 48h (2).
Iso-osmotic co llo id a l carbon solution (2mL at 37°C, prepared as 
described (4.2.4 ) was in jected in to  conscious unrestrained ra ts (over a 
1 minute period) v ia  the exterio rised cannula. The ra t was then k il le d  
inmediately (by cervical d is loca tion) and the kidneys dissected fre e , 
and fixed (4.2.1) fo r  24 h.
b) Histopathology. One kidney was dehydrated, imbedded in wax
(4.2.1) and several sections, including the pap illa  t ip ,  were processed 
fo r  H & E, co llo id a l iron , and Safronin 0 metachromasis (4 .2 .2 ).
The contra la tera l kidneys were dehydrated and embedded in c e llo id in  
(4 .2 .5 ). Thick sections (100 pm), to include the p a p illa , were cut on a 
sledge microtome and mounted as described (4 .2 .5 ).
c) Results
i )  Histopathology. H & E sections from BEA treated rats showed a 
biphasic change with an early d ila ta tio n  o f the co llec ting  tubules and 
hydropic degeneration (2h) followed by a period when the medullary 
architecture was apparently normal (4h). A fte r 8 h early  necrotic 
changes were apparent by 26 h there was 1 intermediate" p a p illa ry  
necrosis and by 48 h necrosis was " to ta l" ,  with active regenerative 
changes in the areas adjacent to tissue destruction.
i i )  Histochemistry. Medullary MPS matrix stained more in tense ly 
between 2 to 4 h, but by 8 h those areas undergoing early  necro tic  
changes showed both areas of non-staining and d iffuse  loss o f s ta in in g .
F ig .5 .5a. F i l l in g  o f renal mirovasclature in control ra t  in jected with 
c o l lo id a l  carbon. C e llo id in  section, x 80.
F ig .5 .5b. Pronounced microvasclature f i l l i n g  o f the outer medulla w ith 
c o l lo id a l  carbon 4h a f te r  BEA 50mg/kg ip .  C e llo id in  section, x80.
F ig .5 .5c. Advanced signs o f p a p i l la ry  necrosis 26h a f te r  BEA 50mg/kg 
ip . H&E, x 130.
F ig .5.5d. Continued microvascular f i l l i n g  o f p a p i l la  t i p  in the 
con tra la te ra l kidney to tha t shown in F ig .5 .5c. C e l lo id in ,  x 130.
There was an absence of matrix sta in ing from necrosed areas from 26 h 
onwards, but the medulla "ghost" gave a background sta in ing of increased 
in te n s ity .
i i i )  Thick section microvascular f i l l i n g .  The d is tr ib u tio n  of 
co llo id a l carbon in control animals showed a uniform c a p illa ry  network 
in the glomeruli o f the cortex and the sub-cortica l zone was re la tiv e ly  
avascular except fo r  a few large vessels and some ca p illa ry  plexuses 
(Fig. 5.5a). The outer medulla was characterised by a series of compact 
vascular bundles (containing the vasa recta) associated with a network 
o f dense ca p illa ry  plexuses (Fig. 5.5a). The papillae were f i l le d  to the 
t ip  by a fin e  ca p illa ry  network.
At 2 and 4 h a fte r 2-bromoethanamine treatment the vascu la rity  o f the 
cortex was decreased in favour o f a pronounced f i l l i n g  o f the outer 
medulla, a pattern tha t was maintained up to 26 h (F ig. 5.5b). There 
were some s lig h t ly  irre g u la r large vessels in the sub-cortica l zone, but 
there were no obvious changes in the f i l l i n g  of the inner medulla. Wax 
imbedded sections fo r  the contra la te ra l kidney showed early necrotic 
changes at 8 h, but th ick sections showed tha t the c a p illa r ie s  of the 
inner medulla were wider than controls and tha t there was marked f i l l i n g  
of the plexuses at the p a p illa ry  t ip .  At 26 h (when necrosis was 
advanced in the contra la tera l kidney, Fig. 5.5c) the microvasclature o f 
the p a p illa ry  t ip  s t i l l  showed marked, but irre g u la r f i l l i n g  (F ig. 
5.5d). Only when the necrotic process was complete at 48 h was the 
damaged p a p illa  avascular.
d) Discussion. P ap illa ry  microvascular changes have been assumed to 
be the most s ig n ifica n t morphological fac to r underlying th is  necrotic 
lesion (see 3 .2 .5 .2 ). I t  is ,  however, impossible to establish a cause 
and e ffe c t re la tionsh ip  between microvascular degeneration, ischaemic 
in ju ry  and necrosis of the p a p illa  in those circumstances where the
lesion develops over weeks, months or years. 2-bromoethanamine o ffe rs  a 
more decisive answer to the question - is vasospasm or microvascular 
degeneration in the p a p illa  an essential prerequisite to necrosis?
Both the histopathological and the cytochemical changes tha t occurred 
during the development of the lesion in chron ica lly  cannulated rats were 
s im ila r to those already described in animals tha t had had no surgical 
pretreatment (5 .2 ). The lesion developed s lig h t ly  e a rlie r  in 
chron ica lly  cannulated animals, but the "degree" o f necrosis was 
unaltered. The reasons fo r th is  contracted time scale in the development 
of necrosis are unknown, but may be a consequence of the anaesthetic, 
surgical "trauma" (although the procedure was in i t s e l f  subject to 
l i t t l e ,  i f  any, body f lu id  losses), ind iv idua l housing or, perhaps, 
intraveneous loading with small volumes (O.OSmL) of 0.9% (m/v) NaCl when 
the cannulae were flushed. |
The d is tr ib u tio n  of co llo id a l carbon represents microvascular f i l l i n g  
and not haemodynamics, although i t  is tempting to interchange the two. 
The contro l sections showed the c lass ica l in tra -rena l blood d is tr ib u tio n
(2 .1 ). Early 2-bromoethanamine-induced changes are consistant w ith the 
pronounced and sustained diuresis where blood would be drawn away from 
the cortex in favour o f the medulla- (Early & F rie d le r, 1964, 1955 and 
Chuang et a l. ,  1978).
An increased flow through the vasa recta would serve to "wash-out" the 
high solute concentration associated with counter current concentration. 
I t  is s t i l l  not certa in  i f  d iuresis in it ia te s  the vascular response or 
vice versa.
The histochemical changes in the sta in ing of mucopolysaccharide 
material followed an iden tica l course to tha t already described (5 .2 ).
There was no evidence to suggest tha t e ithe r medullary microvascular 
spasm or vascular degenerative occlusion developed in  the early  stages
of necrosis. In fa c t extensive medullary co llo id a l carbon f i l l i n g  was 
apparent at 8 h when the contra la tera l kidneys showed considerable early 
necrotic changes. Even at 26 h, when necrotic changes had run th e ir  f u l l  
course, the papillae showed marked, but irregu la r f i l l i n g .
I t  was only at 48 h tha t the necrosed p a p illa ry  t ip  fa ile d  to show any 
co llo id a l carbon f i l l i n g .  I t  is most improbable tha t the administration 
o f the co llo id a l carbon could, in i t s e l f ,  "open", degenerated vessels 
because the iso-thermal, iso-osmotic solution was administered via the 
r ig h t ve n tric le , and would therefore reach the kidneys at normal blood 
pressure.
The contribution of subtle changes in renal haemodynamics to the 
pathogenesis of chemically induced p a p illa ry  necrosis are d i f f ic u l t  to 
asssess because of the complexities o f renal vascu la rity , the factors 
con tro lling  blood flow and the technical d if f ic u lt ie s  associated w ith 
defining renal haemodynamics. The data presented above c le a rly  suggests 
tha t 2-bromoethanamine-induced renal pa p illa ry  necrosis is unrelated to 
ischaemic in ju ry  caused by microvascular occlusion or vasospasm. The 
p o s s ib ility  tha t medullary anoxia develops as a consequence of 
haemostasis associated with d ila ta tio n  of the vasa recta cannot, 
however, be excluded. The data from Solez et a l. ,  1974 and Vanholder et 
a l. ,  1981 showed tha t plasma flow through the p a p illa  was normal or 
elevated ( 6 and 24 h, respectively) a fte r g iving BEA, but the doses o f 
BEA used by these workers was much higher than tha t used in the present 
studies.
5.6 CHAPTER SUMMARY
A single dose o f BEA administered ip , sc or po - caused a sp e c ific  
necrosis of the renal p a p illa  in a ll treated animals. For a given set o f 
conditions ( i.e .  dose and route of adm inistration) the BEA-induced
p a p illa ry  lesion was reproducible and there were no obvious differences 
in renal s e n s it iv ity  between the sexes. The extent o f the lesion was 
dose and route dependent,[varying from an apex lim ited  focal lesion 
confined to the renal medullary in te r s t i t ia l  ce lls  (50mg/kg po), to a 
necrotic change a ffecting  a ll anatomical elements w ith in  the p a p illa , 
except the co llec ting  ducts and the covering e p ith e lia  (50mg/kg ip or sc, 
or 200mg/kg ip po). Higher doses s t i l l  (equal to or greater than 
lOOmg/kg sc or ip , or 500 mg/kg po) caused the necrosis o f a ll the 
elements o f the p a p illa  up to , but never beyond, the corticomedullary 
junction .
Hyperplasia only occurred in the p a p illa ry  epithelium when there were 
necrotic changes in the tissue underlying i t .  When the p a p illa  was 
to ta l ly  necrosed the e p ith e lia  which covered the medullary stump was 
s im ila r ly  hyperplastic. There were also hyperplastic changes in  the 
e p ith e lia  of the bladders o f rats given high doses o f BEA.
Weanling rats were less sensitive to doses of BEA up to  lOOmg/kg ip , 
but 150mg/kg caused to ta l ablation of the medulla up to the 
corticomedullary junction .
The time-course changes in renal morphology and histochemistry were , 
assessed at 2, 4, 6, 8, 12, 24, 49, 73 and 123h a fte r doses o f 50, 100 and 
150mg/kg BEA given ip . Morphologically the changes included hydropic 
degeneration and tubular d ila ta tio n  between 2 and 6h, but the appearance 
was normal between 8 and 12h. The e a rlie s t signs of necrosis were 
apparent at 24h a fte r BEA dosing, extensive by 48h and repa ira tive  
processes were well advanced by 73h. The changes occurred at s im ila r 
times irrespective of dose, but they were more extensive fo r  higher doses 
of BEA.
The changes in the stain ing of medullary MPS showed most dramatic 
changes. Within 2h of BEA treatment the MPS stained most in tense ly, a
feature tha t was maintained fo r 8h. During th is  time, however, the 
appearance became vesicular and there appeared to be d iffu s ive  losses of 
sta in ing at the junction between the ground substance and the urothelium 
in the p a p illa . The loss of sta in ing was extensive by 12 to 24h and both 
para lle led and was confined to those areas in which necrotic changes were 
occurring or had taken place. By 48h most MPS sta in ing had been los t 
from the necrosed areas although there was sta in ing in adjacent regions 
in which necrotic change had not occurred. From 73h a fte r the BEA in s u lt 
th is  sta in ing pattern was maintained, i.e .  pos itive  (although not 
normal) staining in the non-necrosed region and the absence of MPS from 
the necrosed p a p illa .
Pretreatment o f rats with reserpine, drug metabolism inducers 
(phenobarbitone and 3-methylcholanthrene) or in h ib ito rs  (cobaltous 
ch lo ride ), sulphydryl protectors (acetycysteine and methionine) or a 
free  radical scavenger (zinc sulphate) fa ile d  to perturbate the dose 
response re la tionsh ip  to BEA.
Pretreatment with the anti-oxidants BHT, BHA and vitamin E protected 
some of the animals from BEA-induced RPN, while high doses of 
ethanolamine (500 mg/kg) caused a consistant, marked amelioration where 
only the in te r s t i t ia l  ce lls  were necrosed and the urothelium appeared 
normal a fte r e ithe r 50 or 150 mg/kg BEA ip . Streptozotocin treatment 
caused diabetes and also to ta l ly  protected against the subsequent 
p a p illo to x ic ity  o f BEA.
Pretreatment with SKF-525A exacerbated the lesion, and a sp irin , 
paracetamol, phenacetin, or N-phenylanthranilic acid adm inistration 
before BEA also caused a markedly increased response. This was not the 
case when dexamethasone was given before BEA.
P a rtia l renal papillectomy did not, in i t s e l f ,  prevent a BEA-induced 
necrosis of the remaining medulla stump, but the necrosis was always fa r
less severe than the comparable area on the contra la tera l kidney. The 
protective e ffe c t was more obvious a fte r 30 days, at which time the 
p a r t ia l ly  papillectomized kidney appeared essen tia lly  normal except fo r  
some necrotic change at the medulla stump). The contra la tera l kidney, 
however, showed gross secondary cys tic  d ila ta tio n  and only remnants of 
the necrosed medulla were le f t  in the renal pe lv is .
Dehydration fo r  24h before BEA dosing served to lower the threshold at 
which necrosis was induced from 50 to 25mg/kg. These hydropenic animals 
did not survive high doses of BEA (100 to 150mg/kg ip ) , whereas normally 
hydrated rats d id .
The e ffe c t o f BEA on the f i l l i n g  of medullary microvasclature was 
assessed at various time in te rva ls  a fte r dosing by in jec ting  iso - 
osmatic, iso-thermal co llo id a l carbon intravenously in to  conscious 
unrestrained animals (tha t had been chron ica lly  cannulated) sho rtly  
before they were k il le d .  BEA caused an increased f i l l i n g  of the outer 
medullary blood vessels between 2 and 6h a fte r dosing. The microvascular 
in te g r ity  was s t i l l  functional when early necrotic changes were apparent 
in the con trla te ra l kidney at 8h and even at 26h when necrosis was to ta l 
there were s t i l l  vascular trac ts  containing co llo id a l carbon up to the 
p a p illa  t ip .  Only 48h a fte r BEA was the vascu la rity  to the p a p illa ry  
t ip  ob lite ra ted .
CHAPTER 6 
THE METABOLISM AND DISTRIBUTION 
OF RADIOLABELLED 2-BROMOETHANAMINE (BEA)
HYDROBROMIDE AND THE EFFECTS 
OF BEA ON THE MEDULLARY 
PROTEOGLYCAN GLYCOSAMINOGLYCAN 
(PoG-GOG) MATRIX
In order to describe the complete molecular pathogenesis underlying 
th is  acutely induced RPN both the bioconversions o f BEA requires 
elucidation and the k ine tics  of these metabolites need f u l l  
delineation. Although BEA has a simple molecule s truc tu re , i t  may 
undergo a va rie ty  of "spontaneous" chemical changes (Dermer & Ham, 
1969) and there are also a substantial number of routes through which i t  
might undergo bioconversion, (F ig. 6) at least some of which could be 
analogues of endogenous substances. The most appropriate p ra c tica l 
approach fo r investigating biotransformation is the use o f is o to p ic a lly  
labelled molecules. 2-Bromo-[i-^c]ethanamine has recently been 
synthesised (4 .4).
In order to understand the histochemical changes in MPS sta in ing  
followed by BEA treatment (5.2) th e ir  re la tion  to biochemical changes 
in the medullary PoG-GAG m atrix, as re flected by tissue and urinary 
turnovers , also required examination !
i
6.1 URINARY CHANGES FOLLOWING BEA ADMINISTRATION.
BEA has been reported by others to cause a urine concentrating defect 
and increased 24-hour urine volumes (see Table 3 .7). In the l ig h t  o f a 
d iffe re n t h istopathological time-course, compared to published data 
(5 .2 ), changes in urinary volume, osm olality and pH were reassessed.
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Table 6.1 The e ffe c t o f BEA on urinary volume, pH and osm olality.
Rat Time Period (hours)
Volume (mL) -24-0 0-2 2-4 4-6 6-8 8-24 24-48
Af 12.3 1.2 NU§ 1.6 NU 12.8 13.4
B 10.8 3.5 2.7 3.2 2.6 15.8 27.4
C 11.4 4.0 NU 2.3 2.8 14.8 26.3
D 11.8 5.5 6.0 4.4 2.2 17.2 35.2
E. 10.9 3.5 3.1 3.3 1.6 16.8 28.5
Osmolality (mOsm/Kg) 
A 873 898 NU 865 NU 525 940
B 960 525 335 353 358 318 283
C 860 776 NU 570 418 263 213
D 840 387 256 244 385 292 220-.
E 980 580 695 464 445 382 320
pH
A 6.6 6.8 NU 6.6 NU 6.6 6.7
B 7.2 7.0 6.6 5.6 6.7 6.5 6.5
C 6.9 6.7 NU 6.2 6.0 6.7 6.8
D 6.8 6.5 6.4 6.2 5.8 6.2 6.4
E 6.5 6.2 6.6 5.8 6.0 6.2 6.5
JL
Animal treatments were as fo llo w s :-
Rat A, sa line ; B & C, 50mg/kg BEA ip  and D & E, lOOmg/kg BEA ip
§ No urine (NU) was voided spontaneously over th is  period.
a) Animals and treatment. Urine was collected from 5 male Wistar 
rats (240-250g) housed in metabolic cages (4.1.1.2) where food and 
water were available ad lib itu m . Control 24-hour urines were collected 
and the volume, pH (using a micro pH electrode) and osm olality (using a 
Knauer semi-micro-osmometer, Department of C lin ica l Chemistry at St. 
Lukes Hospital, which was calibrated before and during each set of 
measurements at 1000 mOsm/kg) were measured. One ra t was injected with 
sa line , two rats w ith BEA 50mg/kg ip and the remaining two with BEA 100 
mg/kg ip .
Spontaneously voided urine was collected two hourly fo r 8 hours, 
then a fte r 24h and 48h, and the volume, pH and osm olality of each sample 
measured. Water intake was not measured.
b) Histopathology. The rats were k ille d  (4.2.1) at 48h, the bladder 
and kidneys taken from each animal, fixed fo r  26h, and processed fo r  H & 
E stained sections (4 .2 .1 ).
c) Results. The histopathology was constant with the dose of BEA" 
administered, as described above (5.1 to 5.5).
The changes in urinary volume, osm olality and pH are shown fo r  the 
ind iv idua l rats in Table 6.1.
Discussion.The marked loss of urine concentrating function 
caused by BEA became apparent w ith in  the f i r s t  hours a fte r 
adm inistration. Because of the uncerta inties associated with the 
period of time which precedes each spontaneous bladder voiding i t  is  
impossible to re la te  these urine volumes to  renal functional change fo r  
any one time in te rv a l. The decrease in urine osm olality from 800-1000 
mOsm/kg to less than the normal plasma value (290 mOsm/kg) in 3 o f the 4 
treated animals by 24h suggests to ta l d isruption of the normal 
concentrating processes. The data shows no clear time course trends in 
volume or osm olality changes that might be used fo r  assessing the degree 
o f necrosis.
The loss of urine concentrating a b i l i t y  reportd above is consistant 
with published data (W yllie et a l . ,  1972). These authors only measured 
24-hour urinary changes, however, and assummed that the marked urine 
concentration defect re flected the necrotic loss of the th in  loops of 
Henle. Our data shows the substantial loss of concentrating function 
sho rtly  a fte r BEA. I t  is impossible (without fu rthe r investigations) 
to define the cause o f th is  rapid "d iu re tic "  response. I t  may re fle c t 
an early perturbation of those renal elements which concentrate urine, 
as a prelude to th e ir  u ltra s tru c tu ra l d isruption , or i t  may represent a 
non-specific "flushing response" to a renal i r r i t a n t .
The maximum drop o f urinary pH by 1.6 units (although more modest 
over short time periods) is also d i f f ic u l t  to explain, without fu rth e r 
investigations. I t  is ,  however, tempting to speculate tha t both the 
BEA-induced volume and pH changes re la te  to a lte ra tions  in the 
medullary PoG-GAG m atrix. Changes in MPS sta in ing have been associated 
with changes in the urinary concentration process (2 .3 .4 .4 ), and the 
absence o f MPS sta in ing is synonomous with a concentrating defect in the 
Brattleboro ra t (Sun, 1980 and M cAuliffe, 1980). A depolymerisation of 
PoG-GAG or loss o f acid ic groups (see 6.6.2) from the medullary matrix 
•could cause a drop in urinary pH. These changes are discussed fu rth e r 
below (7 .1).
6.2 THE DISTRIBUTION OF RADIOLABELLED 2-BROMOETHANAMINE
Whole-body autoradiography provides essential information on the 
absorption, d is tr ib u tio n  and routes of excretion o f labelled compounds 
and provides a valuable foundation upon which more deta iled k in e tic  
studies can be based. I t  does not, however, d istingu ish between parent 
compound and metabolites. The d is tr ib u tio n  of compounds w ith in  organs 
is best assessed using autoradiography at the lig h t microscopic le ve l.
14 i.6.2.1 The Who!e-body D is tribu tio n  of C-BEA.
a) Animals and treatment. Two male Wistar rats (180g) were dosed 
with 5 vCi ^C-BEA (in  50mg/kg fresh ly  prepared BEA (4 .1 .1 ), given ip ) .  
One ra t was k il le d ,  by cervical d is loca tion , a fte r lh  and the other ra t 
at 2h a fte r dosing. Rats were immediately frozen (4.2.6.1) and stored 
at -70°C u n til processed as described (4 .2 .6 .1 ). Whole-body sections 
were exposed to X-ray f ilm  fo r 21 days and developed as described
(4 .2 .6 .1 ).
b) Results. Figure 6.2.1a and b shows the autoradiographic 
d is tr ib u tio n  of BEA derived material at 1 and 2h a fte r dosing. Each 
time point is represented by sections taken at two d iffe re n t levels 
through the same animal. At lh a fte r dosing BEA derived rad io labe lled 
material was visualised (Fig. 6.2.1a) most strongly in the bladder, the 
peritoneal cav ity , the kidney, the caecum, stomach and l iv e r .  A fte r 2h 
most ra d io a c tiv ity  was located in the bladder, stomach caecum, kidney 
and liv e r  (Fig. 6.2.1b)'.
c) Discussion. In trape ritonea lly  administered BEA is ra p id ly  
absorbed ( i t  was absent from the peritoneal cav ity  by 2h) and 
d is tribu ted  to the kidney, bladder and l iv e r .
The high in tra -gu t concentration of an in tra p e rito n e a lly  
administered dose suggests tha t stomach wall secretion may play an 
important ro le in BEA absorption. The f lu x  from the peritoneal ca v ity  
in to  the stomach might contribute to the prominent d is tr ib u tio n  of 
labelled BEA to the l iv e r ,  v ia the porta l system, presumably before i t  
entered the systemic c ircu la tio n . The in tra -g a s tr ic  f lu x  is  not unique 
to BEA fo r  s ig n ifica n t amounts of El derived radiolabel in  stomach, 
caecum and both the large and small in tes tine  a fte r th is  compound had 
been given in trap e rito ne a lly  (Wright & Rowe, 1967).
One of the autoradiographs at both lh and 2h (arrow) includes a 
section through the kidney where part of what appears to be a p a p illa
Fig. 6.2.1. Whole-body autoradiographs o f rats treated w ith 
radiolabelled BEA. Sections a t two levels are shown each w ith 
i t s  autoradiograph.
B Bladder L L iver
Br Brain Lu Lung
Gr G astro intestinal tra c t St Stomach
B Heart
K Ki dney
White arrow h igh ligh ts  the pe lv ic  cavity  or a section through the 
medulla.
a) 1 hour a fte r  dosing, page 211
b) 2 hours a fte r  dosing, page 212


t ip  shows more labe lling  than the cortex. These sections are, however,
oblique and should be interpreted with care, because the more intense
labe lling  may represent the contents of the renal pe lv is , rather than an
accurate representation of d is tr ib u tio n  of ra d io a c tiv ity  in tissue.
Further, BEA-derived material is  being assessed autoradiographically.
6.2.2 The D is tribu tion  o f ^C-BEA in  the Kidney Studied a t a Light
Microscopic Level. i
Attempts to assess the d is tr ib u tio n  of BEA (using the methods
described below) had to be abandoned when i t  was discovered tha t kidneys
*
could not be frozen at -70°C, because of a marked cryoprotective e ffe c t. 
Failure to achieve rapid freezing produced extensive ice crys ta l 
arte facts which destroyed most of the morphological features o f the 
kidney. In contrast, the renal mass from a control ra ts (not treated 
with BEA) froze normally and was used to produce sections which showed 
excellent morphological features.
During the course of the work described below (6.3.1) large amounts 
of inorganic material was found to p rec ip ita te  in urine and b i-  
re fringent crysta ls were observed in tissue sections. This suggested 
tha t a rapid deposition of solute in to  solution (w ith in  the kidney) most 
l ik e ly  explained the cryoprotective response to BEA. I t  seemed 
reasonable to assume tha t reducing the renal solute load, by giving ra ts  
d is t i l le d  water, ad lib itu m , in place of tap water might reduce th is  
e ffe c t. Recent prelim inary experiments, not described here, showed 
tha t the dose response curve to BEA was unaltered in ra ts given 
d is t i l le d  drinking water fo r  6 days and tha t kidneys taken from ra ts  
both 1 and 2h a fte r BEA dosing froze without cryoprotection and produced 
a rte fac t-free  cryostat sections.
a) Animals and treatment. Six male Wistar rats (245 to 250) were 
housed, as described (4 .1 ), but given d is t i l le d  water ad lib itu m , a fte r
10 days one ra t was dosed with 50mg/kg ip o f fresh ly  prepared unlabelled
BEA (4.1.1) and k ille d  (4.2.1) a fte r lh , the kidney excised and snap
frozen (4 .2 .3 ). Cryostat sections were cut (without any signs of
cryoprotection), flash evaporated on s lides , stained with 1% Toluidine
blue (4.2.2.1) and found to be morphologically normal. Within an hour
of cutting these sections ( i .e .  3-4h a fte r dosing the " te s t"  ra t an
14additional 4 ra ts were dosed with 50mg/kg ip ; th is  contained 50 yCi C 
BEA fo r  two of the ra ts , (4 .1 .1 ). Rats were k ille d  a fte r lh , as 
described above, and kidneys snap frozen. These samples of tissue also 
froze without apparent signs of cryoprotection, but cryostat sections 
showed s ig n ifica n t ice crys ta l arte facts when examined m icroscopically.
The autoradiographic procedures were undertaken at Ciba-Research as 
detailed above (4 .2 .6 ). The kidneys from rats not given radiolabelled 
BEA were used fo r  assessing pos itive  and negative chemography. Tissue 
was exposed against I lfo rd  Type K2: in ind iv idua l boxes fo r 7, 14 and 21 
days, before f ix in g  and processing as described (4 .2 .6 .2 ). Slides weiie 
stained with H & E or Toluidine blue (4 .2 .2 .1 ).
b) Results. The autoradiographs developed a fte r 14 days gave the 
most sa tis fac to ry  BEA exposure to background ra tio .  The sections which 
contained no radiolabelled material showed neither pos itive  nor 
negative chemography. The disruption of the renal morphology made i t  
impossible to define any c e llu la r  d is tr ib u tio n  of s ilv e r  granules in 
animals given radiolabelled BEA.
The zonal d is tr ib u tio n  o f labelled material was, however, assessed 
by counting s ilv e r grains in a high power f ie ld  (X 400). Ten f ie ld s  in  
each of the inner medulla, the outer medulla, the juxtamedullary zone 
and the supe rfic ia l cortex were counted on two sections from each 
animal. The d is tr ib u tio n  showed a modest "concentration" gradient from 
the cortex (1), the juxtamedulla (1.5 to  2), to whole medulla (2 to  3).
There was, however, no obvious gradient across the medulla between the 
p a p illa , t ip  and the outer zone.
c) Discussion. I t  is d i f f ic u l t  to explain the occurrence of the ice 
arte facts in the second batch of ra ts . In view of the fa c t tha t th is  
experiment represented the use of the las t batch of available 
radiolabelled material meticulous de ta il was paid to preparing, storing 
and transporting the tissue.
The data on the d is tr ib u tio n  o f BEA cannot be in terpre ted. The 
formation of ice crysta ls  is synonymous with slow freezing , which w i l l ,  
in turn allow water soluble molecules to d iffuse . This, together with 
the d isruption of morphological features, means tha t i t  is impossible 
to assess i f  the modest medu11a-cortex gradient represents a uniform 
d is tr ib u tio n  or i f  radiolabelled material was, fo r  example 
concentrated:-
i)  w ith in  spec ific  c e ll types and/or 
i i )  w ith in  the tubules and co llec ting  ducts.
Furthermore, the ca p illa ry  volume fra c tio n  of the medulla is twice 
th a t of the cortex, (Beeuwkes, 1980). Thus the apparent but modest 
concentration gradient between these two areas in the kidney may 
re fle c t,  in pa rt, radiolabelled material which is  located " in "  the 
vascular system.
This question s t i l l  remains important to the understanding of BEA- 
induced RPN and fu ture  e f fo r t  w il l  need to be expended in developing an 
approach to produce a rte fac t-free  freezing o f kidneys from BEA-treated 
animals. Longer periods of d is t i l le d  water adm inistration may be 
useful or freezing mixtures in equilibrium  with liq u id  a ir  might 
overcome the problem.
6.3 THE EXCRETION OF RADIOLABELLED 2-BRQM0ETHANAMINE.
The autoradiographic d is tr ib u tio n  of BEA suggested tha t pre lim inary
q u a n tita t iv e  assessment of the excretion of radiolabelled material 
could be usefu ll undertaken in anaesthetised ra ts , where the bladder
and b ile  duct had been cannulated.
C rysta lline  material was found to be deposited in bladder cannula
w ith in  1 to 2h of BEA dosing. This was shown to be inorganic material
by flame charring and the f u l l  id e n tif ic a tio n  of th is  substance, 
together with the bladder ca lcu li taken from one of the BEA-treated 
p a r t ia lly  papillectomized rats (5.3.8.2) is described below (6 .3 .6 ).
The to ta l amount of radiolabel administered to each ra t was 
estimated by liq u id  s c in t i l la t io n  counting of an accurately measured 
a liquot of the carbon-14 containing BEA dose (in  t r ip l ic a te ) .
The data fo r recovery o f BEA-derived radiolabelled material has a 
co e ffic ie n t of variance between 30 and 60% and is , therefore, not 
amenable to s ta t is t ic a l analysis fo r differences between groups. 
Results are presented, therefore, as the range of data and i ts  means. 
Differencs in trends are, however, discussed.
6.3.1 The Excretion of Radiolabelled BEA in the Urine and B ile  of 
Anaesthetised Rats.
The persistant labe lling  o f the ra t liv e r  as detected 
autoradiographically (6.2.1) suggested tha t the b ile  might be a route 
fo r  the excretion o f BEA derived m ateria l.
a) Animals and treatment. Rats (5 male Wistar weighing 180-200g) 
were anaesthetised (4.1.3.1) and the bladder and b ile  duct o f each 
cannulated (4 .1 .3 .2 ). The animals were le f t  fo r  20 min and the b i l ia r y  
and urinary flow rates measured at 5 min in te rva ls . Flow rates were 
estimated from the period of time to f i l l  a 5 yL ca p illa ry  tube.
One ra t with grossly impeded urine flow rates was excluded from the 
study. The r ig h t external jugular vein was exposed (4.1 .3 .5) and 2 ra ts 
were dosed with 50mg/kg BEA iv ,  and the other 2 rats with lOOmg/kg BEA
iv ,  containing radiolabelled material (see Table 6.3.1 fo r  amount of 
ra d io a c tiv ity  given per ra t) .
b) Collection of urine and b ile  and quantitation of radiolabel 
recovery. Urine and b ile  were collected in to  pre-weighed containers 
which were changed at in te rva ls  shown in Table 6.3.1. The v ia ls  were 
re-weighed, and duplicate a liquots (20 yL of urine or 100 yL of b ile )  
were removed fo r liq u id  s c in t i l la t io n  counting (4.3 ), a fte r which 
v ia ls  were weighed again. The to ta l recovered ra d io a c tiv ity , fo r  any 
time period, was based on the weight o f liq u id  removed fo r  quan tita tion , 
related to the to ta l weight co llected. In addition, an estimate of b ile  
and urine flow rates was made from weight differences a fte r removing 
aliquots of known volume compared to the to ta l weight o f liq u id  
collected.
The counting e ffic ie n cy  was assessed using ^C -lab e lle d  in te rna l 
standards and recounting those v ia ls  containing b ile  (4 .3 ).
c) Results. Table 6.3.1 shows de ta ils  o f the dose of BEA, the 
amount of labe l, and the b i l ia ry  and urine recoveries. The figures in 
parenthesis represent the estimated mean b ile  and urine flow  rates 
respectively.
d) Discussion. The b ile  flow rates were about 800 to 1000 yL /h  
during the 20 min period which preceded the administration o f BEA. This 
is ju s t below the range (1000 to 1200 y L / h )  fo r Wistar ra ts reported by 
Brauer et a l. (1951). S im ila rly  the urine flow rates were constant at 
90 to 120 yL/h (a value somewhat less than 150 to 480 ^ L/h  reported by 
Ross, 1972).
The administration o f BEA caused no changes in the urinary flow  ra te , 
in these cannulated ra ts , in contrast to the marked d iu re tic  response 
observed in in vivo studies (6.1) w ith in  the f i r s t  few hours o f dosing. 
The b i l ia ry  flow rate f e l l  markedly over the 5h co lle c tion  period. I t
Ta
ble
 
6.
3.
1 
Re
co
ve
ry
 
of 
ra
di
ol
ab
el
le
d 
m
at
er
ia
l 
ex
cr
et
ed
 
in 
bi
le
 
and
 
ur
in
e 
fro
m 
an
ae
st
he
tis
ed
 
ra
ts
 
giv
en
 
[l
-l
l4C
]BE
A 
by 
th
e
r -  CM 
• CM 
CM r—
0 CO r-* CM CO vo 0 in VO
CO r-s. 00 CO CD '“I
co CD CO
VO r— in 00 in ro CO 00 r - l <P
CM CO co CO CM CM CO CO
If) m VO CO *3- CM in ^P
VO in CO 0 co CM vo rs. r^ »
CO CM in in r—I O r-* CD
CM CM CM CM CM CM CM
in 00 0 «3" CO O in O
*3" pN. 01 CD CM CM
p*. CO CM CO CO co1
CM
1
CO VO VO CO CO 00 ID *3-
CM CO CM VO r^ . CD CD h*
ID CO CO CM CO CO CO CM r—
cd in 00 vo 03 CO CD P-*
O) CO CO 0 O CM 00 CO O CD
O) VO CD 0 CD 0 in O
VO 03 co 03 CO 01 in vo c*. 00 . f-’*’ CD CO CD
'— ,w*
O
O
^p O CO O CD
CO 0 CO P^ . in ^p
0 r— 1—• O 0 0
CM r L CO CO CD 0
00 O* CM VO CO *3*
0 O r— O 0 O
me
an 
flo
w 
ra
te 
uL
/h
ou
r 
bo
th 
re
co
ve
rie
s 
0.6
02
5
is  noteworthy that the lOOmg/kg dose of BEA caused a more marked 
decrease in the b i l ia ry  flow ra te , which was reduced to about ha lf of 
i ts  pretreatment value w ith in  30 min. The reasons fo r th is  dramatic 
change obviously warrant fu ture research. They may explain the lower 
recovery of radiolabelled material in b ile  compared to the animal 
treated with 50mg/kg BEA.
S urpris ing ly , up to 11% of recovered BEA derived material was in the 
b ile . Dissociatd BEA has a molecular weight of 125 (the debrominated 
compound would have a molecular weight of 45) and consequently even i f  
th is  molecule was conjugated with glucuronic acid i t  might not be 
expected to exceed the molecular weight threshold o f about 200 to 300 
fo r  the ra t (Smith, 1973). This suggests tha t BEA may e ith e r be an 
exception to the b i l ia r y  molecular weight threshold l im it ,  or i t  is 
conjugated through more than one functional group, or with glutathione 
(see 6.4 fo r fu rth e r discussion).
This k in e tic  data showed that radiolabelled material was la rge ly  
excreted in the urine, and to a lesser extent in the b ile  a fte r an iv  
dose supports the autoradiographic d is tr ib u tio n  (6 .2 .1 ).
6.3.2 The Excretion of Radiolabelled BEA in Urine, Breath and Faeces.
The f u l l  assessment of BEA metabolism was carried out in metabolic 
cages.
a) Animals and treatment. Male Wistar rats (6 animals weighing 
between 180 and 190g) were housed in d iv id u a lly  in glass Metabowls as 
described previously (4.1.2.1) fo r 24h with the pumps running. BEA 
50mg/kg was given ip to 3 rats and lOOmg/kg (po) to 3 ra ts (see Table 
6.3.2) fo r  amount of ra d io a c tiv ity  given per ra te ).
b) Collection of urine, faeces and exhaled material and 
quantita tion of radiolabel recovery. The urine co llec tion  containers 
were changed every 4h fo r  the f i r s t  12h then at 24,48 and 72h. The urine
was made up to a convenient volume, mixed and a measured a liquo t removed 
fo r  liq u id  s c in t i l la t io n  counting. Faeces and both acid and a lka line 
traps were changed every 24h. R adioactiv ity  was measured in each as 
described 4.3.
c) Results. Table 6.3.2 shows the mean recoveries in urine and 
faeces and from the two types of breath traps. The figures in 
parenthesis are the range fo r the three animals in each group.
d) Discussion. The urinary recoveries over the f i r s t  4 to  8h period 
are s im ila r to those already reported (6.3.1) fo r  the cannulated 
anaesthetised ra t. In these non-anaesthetised animals the measurement 
o f BEA excreted by the kidney has been delayed because i t  was measured 
in spontaneously voided urine. Were i t  not fo r  the marked d iu re tic  
e ffe c t caused by BEA the urinary time-course recoveries would obviously 
give less k in e tic  information. Approximately 90% of the recovered BEA 
was excreted in the urine, 5-7% in the breath (mostly as CO )^ and 2-3% 
was recovered in faeces.
The b il ia r y  recoveries were up to 11% (6.3.1) of the excreted 
radiolabelled product, an amount 3 to 5 fo ld  higher than the faecal 
recoveries. This suggests an active enterohepatic metabolic cycling of 
some BEA-derived product, a fac to r which may contribute to the d iffe re n t 
recovery p ro f ile  fo r  a dose of BEA given v ia  the ip route compared to 
tha t given po. The data showed too much variance and has too few points 
fo r  s ta t is t ic a l analysis,but the trends in urinary recovery suggets 
tha t there may be a delay in gastric  emptying or a substantia l entero­
hepatic c ircu la tio n  which in i t ia l l y  prevents BEA-derived material 
reaching the systemic c irc u la tio n , from which i t  would be rap id ly  
cleared by the kidney. An enhanced entero-hepatic cyc ling , or reduced 
oral absorption, may also be supported by higher faecal recoveries and 
higher CO^  recoveries (possibly representing more in te s tin a l or hepatic
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degradation) a fte r oral dosing. The to ta l recovery was, however, 
s im ila r when BEA was given by e ithe r route which precludes
malabsorption.
From the recovery o f BEA-derived material at 24, 48 and 72h the to ta l 
amount o f product excreted appears to be asymptotic. The fa ilu re  to 
recover more than 70-76% o f the administered dose suggests tha t 24-30# 
of BEA metabolites are e ithe r incorporated in to  metabolic pools where 
they have a slow turnover or these products covalently bind to
s truc tu ra l components.
The chemical conversion o f BEA to E l, a powerful ak ly la ting  agent,
(3 .2 .3 .2 ), together with the fa c t tha t both compounds cause RPN, has led 
several workers to suggest that El is. the. ■"proximate" toxin in BEA-
induced RPN. The s im ila r it ie s  and differences between BEA and El
excretion and metabolism w il l  be considered below (7 .1).
6 .3.3. The E ffect of Reserpine Pretreatment on the Excretion o f
Radiolabelled BEA in the B ile  and Urine of Anaesthetised Rats.
Data published by Wyllie et a l. ,  (1972) suggested tha t reserpine 
pretreatment ameliorated the BEA-induced RPN. Accordingly, at the same 
time as the h is to log ica l assessment of the e ffe c t o f reserpine on BEA- 
induced RPN (5.3.1) was in progress the urinary and b i l ia r y  excretion o f 
radiolabelled BEA was also studied.
a) Animals and treatment. Three male Wistar rats weighing from 200- 
210g were given a single 0.80mg reserpine (5.3.1) 18h before 50mg/kg in 
BEA. They had been anaesthetised and cannulated as described (6 .3 .1a). 
Resting b ile  and urinary flow rates were measured before 50mg/kg BEA 
containing 2.08 yCi (77kBq)/rat was given iv  (see 6.3.1a).
b) Collection of urine and b ile  and quantita tion  of radiolabel 
recovery. Urine and b ile  were collected in to  pre-weighed containers 
and aliquots taken fo r  liq u id  s c in t i l la t io n  counting as described
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6 . 3 . 1 b .
c) Results. Table 6.3.3 shows the mean urinary and b i l ia r y  recoveries, 
together with the range, sum and estimated flow rates. The to ta l  sum 
recovery is shown in the righthand column.
d) Discussion. The b i le  flow rates which started in the range of 
800-1000pL/h f e l l  rather rap id ly  over the course of the experiment, 
while urinary flow rates were re la t iv e ly  constant. Whereas the b i le  
flow rates were less than animals given the same dose of BEA only, 
urinary flow rates averaged at 130 pL/h a value greater than tha t 
previously observed ( 100 pL/h, see Table 6 .3 .1 ). The to ta l
recoveries of radio labelled material was about 2% less in both b i le  and 
urine. These differences are u n like ly  to be s ig n if ic a n t  in the Tight of 
the inter-animal v a r ia b i l i t y .
Further discussion is considered below (6.3.4) where the resu lts  of 
the in vivo BEA-derived radiolabel excretion has been presented.
6.3.4 The Effects of Reserpine Pretreatment on the Excretion of 
Radiolabelled BEA in Urine, Breath and Faeces.
The e ffe c t of reserpine pretreatment on BEA excretion was also 
assessed in conscious unrestrained ra ts .
a) Animals and treatment. Rats (male Wistar weight 180-190g) were 
housed ind iv id u a lly  in Metabowls (4 .1 .2 .1) fo r  24h before radio label led 
BEA was given. Six hours a fte r  the s ta r t  of th is  a cc l im it isa t io n  period 
each of the 3 rats was given 80mg reserpine sc (5 .3 .1 ). Each ra t  was 
dosed with 50mg/kg BEA (given ip) which contained 1.87 yCi(69kBq).
b) Collection of urine, faeces and exhaled material and 
quantita tion of radiolabel recovery . Urine, faeces, and exhaled 
material were collected and the recovery of rad io labelled materia l 
quantitated as described above (6.3.1b).
c) Results. Table 6.3.4 presents the mean recoveries fo ru r in e
and faeces-and in the two types o f traps fo r expired a ir .
d) Discussion. Animals pretreated with reserpine excreted a mean 
sum urinary value more than rats treated with BEA alone (Table 6 .3 .2). 
Both the a lkaline component in breath and the labelled CO^  and the 
faecal recoveries were less than rats that had been treated with BEA 
alone.
The 0 to 72h faecal recoveries are lower than the amount of b i l ia r y  
radiolabel collected in 5h, confirming the like lihood of an entero- 
hepatic c ircu la tion  (6.3.2d).
Reserpine pretreatment fa ile d  to provide any pap illopro tective
i •
e ffec t (5.3.1) and the possible reasons underlying the fa ilu re  to 
reproduce the results of W yllie et a l. (1972) are discussed above 
(5 .3 .Id ).
6.3.5 The Excretion of BEA-derived Radiolabelled Material a fte r 
Subcutaneous Dosing, During a Diuresis and A fter Pretreatment with Non­
labelled BEA.
Having previously defined aspects of the excretion of BEA derived 
radiolabel when the material was given ip , po and iv , one ra t was 
s im ila rly  studied a fte r the parent compound was given sc. The e ffec t of 
an induced diuresis on BEA excretion was also assessed because of the 
ameliorating e ffec t a ttributed to th is  state (Fuwa & Waugh, 1958).
a) Animals and treatment. Male Wistar rats (weighing 180 to 190g) 
were housed ind iv idua lly  in glass Metabowls (4.1.2.1) fo r a 24h 
acclimatisation period before radiolabelled material was administered. 
One ra t was given 50mg/kg BEA (non-labelled) ip at the s ta rt of the 
acclimatisation period. Twenty-four hours la te r another dose of BEA 
(50mg/kg ip) containing radiolabelled material was administered. A 
state of diuresis was induced in a second ra t which was placed on 5% 
glucose drinking water fo r the 24h before BEA (50mg/kg ip) and fo r the
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duration o f urinary co lle c tio n . The th ird  ra t was injected with BEA 
(lOOmg/kg) but administered subcutaneously. The BEA dose contained 
1.68 pCi (62kBq) ra d io a c tiv ity  per ra t.
b) Collection of urine, faeces and exhaled material and 
quantita tion of radiolabel recovery. These were undertaken as 
described above (6 .3 .1b).
c) Results. Table 6.3.5 presents the urine and faeces and a ir  trap 
recoveries fo r  the ind iv idual ra ts .
d) Discussion. The recoveries a fte r the sc adm inistration of BEA 
are essen tia lly  s im ila r to those reported fo r  ip  adm inistration, 
suggesting tha t the molecule is rap id ly  absorbed to the systemic 
c irc u la tio n . The amount of BEA-derived material recovered from a ra t in 
a mild state of d iuresis was s im ila r to tha t reported fo r  animals 
treated with BEA alone. Less radiolabelled m aterial was, however, 
excreted as CO^  and in faeces.
The most s ig n ifica n t re su lt is the 10% increase in  urinary recovered 
radiolabelled material when a second dose of BEA was administered. The 
faecal and breath trap recoveries were also reduced, the greatest 
reduction being the basic exhaled component trapped in HC1. I t  is  
d i f f ic u l t  to explain th is  increased urinary recovery, although several 
p o s s ib ilit ie s  e x is t. I t  is uncertain what ro le  d iu res is  per se plays in 
th is  e ffe c t. Diuresis induced by glucose drinking water (Table 6.3.5) 
fa ile d  to increase C-14 BEA clearance, although the 24-h urine volume 
(21.3mL) from BEA and glucose was less than tha t caused by BEA treatment 
alone (27.2mL). Fundamental differences in the mechanism responsible 
fo r  the d iu re tic  state might, however, cause markedly d iffe re n t 
handling of molecules w ith in  the kidney. Thus, fo r  example, BEA might 
be reabsorbed by the in ta c t kidney, even in a state o f d iu res is , but not 
reabsorbed when structure and functional in te g r ity  is damaged.
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Arruda's group have reported extensive e lec tro ly te  wastage in BEA 
treated animals. S im ila rly , those BEA-derived metabolites which
were ca tion ic  (see 6.5.2) should be cleared p re fe re n tia lly  from the 
kidney of a BEA pretreated animal because of the f a l l  in urinary pH 
(Table 6.1) provided th e ir  pKa was high enough.
Approximately 25% of an administered dose o f BEA was not recovered 
a fte r 72h (Table 6.3.2) in ra ts given a single dose of BEA. This 
suggests tha t some BEA-derived material is ir re v e rs ib ly  bound in to  a 
metabolic (e.g. phospholipid) or a non-metabolic pool (e.g. a 
macromolecule) where i t  has a prolonged h a l f - l i fe .  Thus greater 
urinary recoveries a fte r a dose of BEA may arise because of the blocking 
of these binding s ites .
The phenomena of increased recovery o f BEA (given as a second dose) 
may illum inate aspects of the metabolism of th is  compound. A lte rna tive  
techniques such as perfused kidney or renal s lices may give a better 
ins igh t in to  the mechanism, but th is  type of investiga tion  may not be 
helpful u n til more is known about the structure of BEA metabolites.
6.3.6 Id e n tif ica tio n  of urinary crysta ls and bladder c a lc u li.
a) Id e n tif ica tio n  of urinary c rys ta ls . The c ry s ta llin e  material in 
the urine of anaesthetised bladder-cannulated rats was id e n tif ie d  by 
shape and s o lu b il ity  (4.5.1) in fra -red  spectrum (4.5.2) and X-ray 
microprobe analysis (4 .5 .3 ).
b) Id e n tif ic a tio n  o f the bladder c a lc u li. The inorganic 
constituents in the ca lcu li were id e n tifie d  by th e ir  in fra -re d  spectrum
(4.5.2) and by X-ray microprobe analysis (4 .5 .3 ).
c) Results. The shape of the urinary c ry s ta llin e  material was tha t 
o f the c lass ica l "c o ffin  l id "  which together with the s o lu b il i ty  of the 
material in d ilu te  mineral and acetic acid, but not a lka lin e , alcohol, 
acetone, ether or on heating in aqueous solution suggested magnesium
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In fra -red  spectra o f:Fig. 6.3.6a-c
a: urinary c rys ta llin e  material passed from the bladder o f anaesthetised
rats treated with BEA,
b: reference spectra o f magnesium ammonium orthophosphate, and
c: bladder ca lcu li found in  a p a r t ia lly  papillectomized ra t a fte r  BEA
treatment.
A polystyrene f ilm  was used to provide an accurate ca lib ra tio n  o f 
the spectra a t 1583 and 1601 cms"1.
40
00
 
55
00
 
55(
55 
55
05
" 
25
55
 
18
00
 
165
5 
14
55
 
12
06
 
T55
5 
155
5 
655
 
40
0 
25
0
W
A
VE
NU
M
BE
R(
CM
"1
)
U rin a ry  C ry s ta ls  A f te r  BEA T re a tm e n t
* •
Mg P K
A m m o n iu m  M ag n es iu m  O rth o p h o s p h a te  (BD H)
Mg P Cl
B la d d e r  C a lcu li
J uJL
Mg P Ca
Fig. 6 .3 .6 d -f X-ray energy dispersion spectra o f : -  
d: urinary c rys ta llin e  material passed from the bladder o f
anaesthetised rats treated with BEA, 
e: reference spectra o f magnesium ammonium orthophosphate, and
f :  bladder ca lcu li found in  a p a r t ia l ly  papillectomized ra t a fte r
BEA treatment.
ammonium phosphate hexahydrate (MAP). This was confirmed by in fra -red  
analysis (Fig. 6.3.6a) which d iffe red  only s l ig h t ly  from a chemically 
pure standard (Fig. 6.3.6b). (The urological nomenclature w il l  be 
applied to material of urinary o r ig in , i.e .  magnesium ammonium 
phosphate, where the chemical standard is co rre c tly  called ammonium 
magnesium orthophosphate). X-ray micro-probe analysis d id , however, 
show s tr ik in g  differences between the MAP (F ig . 6 .3 .6d), which 
contained substantial amounts of potassium, and the chemical standard 
(Fig. 6 .3 .6e) which was potassium fre e , but contained a trace of 
chlorine ions.
The bladder ca lcu li produced an in fra -red  trace (Fig. 6.3.6c) tha t 
d iffe red  substan tia lly  from that of the chemical standard, but s t i l l
■ ■ _i
showed prominent phosphate absorption at 950 to 1200 cms and a broad
-1area at 2900 to 3250 cms which indicates MAP. The sharp absorption at
-1 -1 1390 cms and the shoulder at 300 cms suggest th a t traces of oxalate
may also be present. The x-ray micro-probe analysis (Fig. 6 .3 .6 f)
confirms the presence of magnesium and phosphate, but also shows a small
amount of calcium.
d) Discussion. The id e n tif ic a tio n  o f any u ro lith iases  is most
d i f f ic u l t  and depends, fo r  i t s  v a lid ity ,  on the use of several
complementary methods. Thus crysta l shape and s o lu b il i ty ,  together
with the IR spectrum, confirmed tha t th is  m aterial was predominantly
MAP. X-ray microprobe analysis showed the presence of a substantia l
amount of potassium in addition to magnesium and phosphorous. The
consistant ra tio  o f these three elements in a large number o f crys ta ls
which had been washed free of a ll u rinary m aterial suggests tha t the
c rys ta llin e  material is e ithe r a mixture of MAP and magnesium potassium
phosphate or more l ik e ly  a magnesium ammonium potassium phosphate
complex, neither o f which appears to have been described before.
The analysis of ca lcu li is made more d i f f ic u l t  by the presence of 
organic matrix material ( th is  w i l l  impart its  own cha rac te ris tic  to a IR 
spectrum) which binds the inorganic c ry s ta llin e  mass together and 
because ca lcu li are heterogeneous (O liver & Sweet, 1976 and Nordin et 
a l. ,  1979). Although the ca lcu li were largely MAP they did contain both 
oxalate and calcium.
The formation of u ro lith iases is a complex process (Nordin e t a l . ,  
1979) d ie ta ry  inorganic intake plays an important loading ro le  in which 
saturation and super-saturation favour the formation of c rys ta l nuclei 
products, but th is  may be prevented by in h ib ito rs  o f c ry s ta llis a t io n . 
One o f these, perhaps the most important, are the glycosaminoglycans. 
I f  m icrocrystals are formed they may re-dissolve or be excreted as such, 
or may act as nuclei fo r the growth of larger crys ta ls  and eventually 
c a lc u li.  (Nordin et a l. ,  1979 and Cheng, 1980).
There appears to be l i t t l e  published data on the formation o f urinary 
MAP crysta ls per se and most inferences must be drawn from the massive 
body of lite ra tu re  on urinary tra c t c a lc u li.  MAP is encountered 
re la tiv e ly  in frequently as the major component o f urinary stones, 
although i t  is often associated with calcium oxalate and phosphate 
stones and c a lc u li. MAP is , however, the major component of "staghorn" 
ca lcu li which form in , and may block, the renal pe lvis and cause 
progressive damage. The aetiology of urinary MAP deposits in  man are 
explained by the concomitant pre-disposing factors such as d ie ta ry  
inorganic loading, dehydration and organic matrix being excreted e tc. 
and, most im portantly, the presence o f a urinary t ra c t in fec tion  w ith an 
organism that s p lits  urea to ammonium ions. This provides not only the 
cation fo r the complex, but also increases urinary pH above 7, a fa c to r 
which because of the acid s o lu b il ity  of MAP, encourages the crys ta ls  to 
form (Nordin et a l. ,  1979 and Cheng, 1980).
Obviously, th is  scenario cannot explain the acutely induced and 
short lived c ry s ta llu r ia  fo llow ing BEA. Furthermore, the formation of 
MAP-like crysta ls when the urinary pH was acid ic (6.1) is d i f f ic u l t  to 
expla in. The presence of potassium ions suggests tha t from a sudden 
increase in magnesium or phosphate concentrations w ith in  the kidney. 
I t  is thus tempting to suggest tha t the BEA-induced increase in MPS 
sta in ing (5.2) represents a conformational change in PoG-GAG, as a 
resu lt of which the polyanionic ro le  of the medullary in te rs tit iu m  
would be a ltered. Thus a large amount of previously bound solute might 
be released, exceed the s o lu b il ity  product and p rec ip ita te . The 
a c id ity  of the urine would dissolve these crysta ls and produce a solute 
loaded kidney and an osmotic flush ing . This view is supported by the 
osmotic response (although other mechanisms may be envolved), the 
marked swelling of the kidneys and the dramatic cryoprotective e ffe c t 
a fte r BEA treatment. Substantial e le c tro ly te  wastage has been shown to 
occur 24h a fte r BEA treatment by Sabatini e t a l . (1981b).
An increase in acid soluble b i-re fr in g e n t material has been found in 
kidney sections from BEA treated animals since these studies were 
completed, but i t  has not been possible to id e n tify  crysta ls  in 
spontaneously voided urine. Failure to find  crysta ls may re la te  to  the 
decreased urinary pH which would favour d isso lu tion .
The presence of "MAP" based bladder ca lcu li in one BEA treated ra t is 
best regarded with circumspection. Calculi do occur spontaneously in 
laboratory animals (Cheng, 1980) although i t  is d i f f ic u l t  to induce 
them at w il l  because of the many variables involved. Furthermore most 
rats were k ille d  w ith in  7 days of treatment a period which is generally 
regarded as too short fo r ca lcu li to develop. The problem, as i t  
relates to human analgesic abusers is , however, discussed fu rth e r below 
(see 7.2).
6.4 THE EFFECT OF PARTIAL PAPILLECTOMY ON THE EXCRETION OF
RADIOLABELLED 2-BR0M0ETHANAMINE BY THE UNINEPHRIC RAT
Data presented above (5.3.8.2) established that p a rtia l papillectomy 
ameliorated the BEA-induced RPN compared to the con tra -la te ra l kidney. 
This raised the p o s s ib ility  tha t p a rt ia l papillectomy might reduce the 
clearance of BEA through the su rg ica lly  manipulated kidney in favour of 
other routes o f excretion, such as the con tra -la te ra l kidney or the 
b ile .
6.4.1 The E ffect of P a rtia l Papillectomy on the Excretion of 
Radiolabelled BEA From Anaesthetised Rats.
a) Animals and treatment. Three male weanling Wistar ra ts (50g) 
were subjected to p a rtia l renal papillectomy as described (4 .1 .3 .3) and 
le f t  to recover fo r  21 days, a fte r which the p a r t ia lly  papillectomised 
kidney was removed from one ra t (the uninephric normal) and the normal 
kidney removed from the other two ra ts (the uninephric papillectomised) 
using the technique described above (4 .1 .3 .4 ). A fte r a recovery period 
of 9 days the animals (weight 240-250g) were anaesthetised and the 
bladder and b ile  ducts cannulated (4 .1 .3 .2 ). A fte r a s ta b ilis a tio n  
period radio-labe lled  BEA 50mg/kg (see Table 6.4.1 fo r  amount o f rad io­
a c t iv ity  per ra t) was given v ia  the r ig h t external jugu la r vein
and b ile  and urine collected over timed periods fo r  5h.
b) Collection of urine and b ile  and quantita tion  of radiolabel 
recovry. Urine and b ile  were collected in to pre-weighed containers and 
quantitated as described above 6.3.1b.
c) Results. Table 6.4.1 shows the recoveries o f rad io labelled BEA 
in urine and b ile , over the 5h co llec tion  period, together w ith th e ir  
estimated flow rates.
d) Discussion. The b ile  flow rates were s im ila r, but s lig h t ly  higher 
than those previously reported in these investigations (see 6.3.1) and
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declined over the 5h co llec tion  period as described above (6 .3 .1 ). The 
recovery of radiolabelled material in b ile  was s im ila r in the normal and 
both p a r t ia l ly  papillectomised uninephric animals, and essen tia lly  the 
same as fo r  normal (two kidney) ra ts .
The urinary flow rates were higher than those reported in previous 
experiments using th is  model, and possibly related to the additional 
workload undertaken by the uninephric kidney in  which there is  
compensatory hypertrophy in the cortex but not in the medulla (see 
below) Two of the three rats showed a diminution in urinary flow  fo r  a 
few hours a fte r BEA, but there was an easily  recognisable increase in 
urinary flow rates the rea fte r. The recoveries o f radio labelled 
material were essen tia lly  s im ila r from animals with a normal kidney 
compared to those with the p a r t ia l l ly  resected p a p illa , but there was a 
reduction in the to ta l mount of radiolabelled product cleared by the 
uninephric kidney (irrespective  o f whether i t  had been su rg ica lly  
manipulated previously or not). This reduced urinary clearance of 
radiolabelled BEA is opposite to the response which would have been 
predicted. Moll and(1978b)showed tha t uninephrectomised rats were more 
sensitive to asp irin . This was explained in terms of the observation 
(Dicker & Shelley, 1971, 1973) tha t compensatory hypertrophy affected 
only the co rtica l mass and le f t  the medullary mass unaltered. Thus the 
work load on the cortex would be reduced by hypertrophy, but increased 
in the medulla, which would have to process the to ta l f i l te re d  volume. 
The net outcome appears to be a greatly  increased s e n s it iv ity  o f the 
medulla to in s u lt,  a find ing  confirmed fo r  other analgesics (Tange, 
J.D ., personal communication), although there is no data fo r  BEA.
' i
Our data does, however, suggest’tha t both the normal and the p a r t ia l ly  • 
papillectomised kidneys are exposed s im ila r ly  to BEA and excretion is
not shunted to the b i l ia r y  route.
6.4.2. The E ffect of P a rtia l Papillectomy on the Excretion of 
Radiolabelled BEA From Conscious Rats.
a) Animals and treatment. Two male weanling Wistar ra ts (60g) were 
subject to p a rtia l papillectomy as described (4 .1 .3 .3) and a th ird  was 
sham operated where the p a p illa  was exposed, manipulated, but not 
resected. A fte r a recovery period o f 21 days the ra ts  were 
uninephrectomised (4.1.3.4) to give one ra t w ith a sham operated 
kidney, one with a normal kidney and the th ird  with a p a r t ia l ly  
papillectomised kidney.
A fte r 7 days the rats (250-260g) were housed in d iv id u a lly  in glass 
metabowls fo r  a 24h acclim atisation period (4 .1 .2 .1) with the pumps 
running. Each ra t was dosed with 50mg/kg BEA (4.1.1) ip containing 2.71 
yCi labelled BEA per ra t.
b) Collection and quantita tion of excreted radiolabelled m a te ria l. 
Urine, exhaled a ir ,  and faeces was collected fo r  72h at in te rva ls  
already described (6.3.2b) and quantitated (4 .3).
c) Results. Table 6.4.2 shows the urinary, expired a ir  trap and 
faecal recoveries o f BEA-derived radiolabelled material fo r  each 
co llec tion  period, cumulatively and to ta l excreted products.
d) Discussion. The to ta l urinary and breath trap recoveries were 
essen tia lly  the same in the normal and in the papillectomised ra ts , 
although less was recovered from the papillectomised ra t in the e a r lie r  
co llec tion  period (0 to 12h). The sham operated ra t excreted more 
radiolabelled material v ia  its  urine and breath, but s l ig h t ly  less in 
faeces, than the other two.
The excretion v ia  the d iffe re n t routes is ,  however, w ith in  a few 
percent fo r  each of the three types of su rg ica lly  manipulated animal, 
which (as a group) f i t  well w ith in  the range of b io log ica l v a r ia b i l i t y
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reported elsewhere (see 6 .3 .2 ).
The data suggests tha t p a rtia l papillectomy does very l i t t l e  to 
shunt the excretion of BEA away from the kidney to e ithe r the b i l ia r y  
system, to the liv e r  fo r metabolism to CO^  or to the lungs fo r  
exhalation as the v o la t ile  basic product(s). This favours the concept 
(5.3.8.2d) that the p a p illa ry  t ip  is p a rtic u la r ly  sensitive to in s u lt ,  
e ithe r because of its  morphology ( i .e .  i ts  position in the kidney in 
re la tion  to concentration (gradients,) or because the apex of the kidney 
has some spec ific  or well defined biochemical function(s) which make 
them a target fo r certa in  types o f toxins.
On the other hand, the k in e tic  data from spontaneously voided ra t 
urine is subject to tim ing uncerta inties where more subtle changes in 
urinary excretion would be masked by the variance. More im portantly, 
the lack of information on the metabolites of BEA d ic ta te  th a t i t  is 
impossible to fu l ly  define any altered response because only to ta l 
ra d io a c tiv ity  is measured. Attempts to delineate some of the 
characteris tics of the excreted BEA-derived materials are described 
below (see 6.5).
6.5 URINE AND BILIARY METABOLITES OF BEA-DERIVED RADIOLABELLED 
MATERIAL
The synthesis o f radiolabelled BEA provided the essential " to o l"  fo r  
establishing the chemical nature of the excreted BEA-derived m ate ria l.
Samples of urine and b ile  from studies described above (6 .2-6 .4) 
were stored frozen and pooled at the completion of each in ve s tig a tio n , 
to be used fo r developing the separation techniques tha t would precede a 
f u l l  structura l id e n tif ic a tio n  (a task beyond the scope of th is  
d isse rta tio n ).
6.5.1 Extraction of BEA-derived Radiolabelled M ateria l.
6.5.1.1 Organic phase extraction from d iffe re n t pH buffered systems.
a) Buffer and solvent systems. A liquots of BEA-derived material in 
urine (0.5mL) was mixed with an equal volume of 1.0M buffe r in screw 
topped tubes with te flon  lin e rs . The buffers were glycine-NaOH, pH 
10.0, Na-phosphate, pH 7.0, and acetate-acetic acid, pH 4.0. Organic 
phase extraction was undertaken using lmL of hexane, benzene ethyl 
ether, chloroform and ethyl acetate; from each of the three pH systems 
in duplicate. Tubes were shaken fo r 20min, centrifuged at 3000 rev./min ! 
to separate the solvents. Both the organic solvent (0.5mL) and the 
aqueous phase (0.5mL) were transferred to glass s c in t i l la t io n  v ia ls , 
the organic solvent and aqueous phase were evaporated under a gentle 
stream o f nitrogen (so as to remove quenching solvent m a te ria l), 0.5mL 
water was added and the system counted as described (4 .3 ).
b) Results. Less than 1% of the to ta l ra d io a c tiv ity  per tube was 
transferred to the organic phase. This was lowest fo r  the apolar 
solvents (hexane 0.01%) and highest fo r  ethylacetate (0.73%). There 
was no obvious pH related e ffe c t in improving the trans fe r o f 
radiolabelled m ateria l.
c ) Discussion. The data suggests tha t a ll of the BEA-derived 
radiolabelled material is of a highly polar nature, where no functiona l 
ca tion ic  or anionic group could be converted to a unionised form.
The recovery data may, however, be misleading and represent an 
increasing s o lu b il ity  of aqueous phase in the less apolar solvents 
rather than extraction , because solvents were not dried before a liquots 
were taken fo r counting. Obviously, solvent-solvent extraction was 
inadequate fo r  iso la ting  BEA-derived m ateria l.
6 .5 .1 .2 . Extraction of BEA-derived, radiolabelled products from 
freeze-dried m ateria l. In the prelim inary phase of th is  study i t  was 
found tha t at least 95% of radiolabelled material could be extracted
from ro ta ry evaporated urine or b ile  using the methanol and 
son if ic a t io n  procedure described below. The lik e ly  the rm o !ab ility  of 
the BEA metabolites and the d if f ic u lt ie s  associated with ro ta ry  
evaporation (fro th ing  and bumping) indicated the necessity of a using 
freeze-drying method.
a) Rotary evaporation of urine and b ile . Samples of urine and b ile  
were ro tary evaporated at 37 to 39°C and the viscous residue was dried 
(a t about 1mm Hg) in a vacuum desiccator (over s i l ic a  gel) fo r  48h. The 
clear " d is t i l la te "  did not contain any ra d io a c tiv ity .
b) Freeze-drying of urine and b ile . -D is t ille d  water d ilu ted  urine 
or b ile  (th is  was necessary because of th e ir  high solute contents which 
depresses the freezing point and caused thawing during the process of 
freeze-drying) was shell-coated and freeze-dried fo r  24 to  48h and 
stored at -20°C u n til i t  was used.
c) Solvent ex trac tion . Aliquots of methanol were added to the 
container in which urine or b ile  had been dried and the container 
sonicated fo r 15 to 20 min periods at RT, a fte r which the so lid  material 
was le f t  to se ttle  and the solvent aspirated o f f .  This was repeated 4 
or 5 times, the extracts pooled and evaporated down under pure dry ^  
The resu lting  viscous extract was stored at -20°C.
d) Recovered radiolabelled m ateria l. The large amount of solute 
le f t  in dried urine and b ile  made i t  d i f f ic u l t  to assess exactly how 
much radiolabelled material was not extracted. The recovery o f 
radiolabelled material was estimated to be about 97% and 98% from 
methanol extract o f ro ta ry evaporated and freeze-dried products 
respectively.
d) Discussion. The absence of ra d io a c tiv ity  in the d is t i l la te  o f 
the ro tary evaporated products suggested by the lack of solvent 
extraction , that neither ethylenimine nor the free bases of BEA or EA
were present in s ig n ifica n t amounts in the urine. These compounds are 
v o la t ile  and would have d is t i l le d  over.
6.5.2 Separation o f BEA-derived Radiolabelled Material By T . l.c .
6.5.2.1 T . l.c .  of urinary and b i l ia r y  BEA-derived products. A methanol 
extract, o f the ro ta ry  evaporated urine and b ile  was used in the early 
part of these investigations fo r  t . l . c .  separation of BEA-derived 
m ate ria l.
a) Thin layer chromatographic separation. Aliquots of the methanol 
extracts of dried urine and b ile  (20 to 50 yi_ 'portions) were spotted 
onto e ithe r ce llu lose or s i l ic a  gel t . l . c .  plates under a stream of dry 
N£ (4.3.5) interspersed with BEA and EA radiolabelled standards which 
were run simultaneously. The solvent systems are described above 
(4 .3 .5 .1 ).
Aliquots of aqueous material from the methanol extracted urine and 
b ile  were also spotted on the t . l . c .  plates.
b) Autoradiographic v isua lisa tion  of BEA derived m aterial and 
detection of functional -NHpgroups. The t . l . c .  plates were dried and 
then placed against X-ray f ilm  as described (4.3.4.2) fo r  60 days, and 
developed. The t . l . c .  plates were sprayed with fluorescamine to detect 
primary amine groups (4 .3 .5 .4 ).
c) Results. Fig. 6.5.2.1a and b and Fig. 6.5.2.1a j and b show 
chromatographic separation of BEA-derived m ateria l. Those areas with 
functional primary amine groups are marked "+".
The chromatograms which fa ile d  to give a possibly useful separation 
are not shown.
d) Discussion. The separation on cellu lose (F ig. 6.5.2.1a and b) 
was well defined fo r  BEA and EA standards, but BEA-derived m aterial 
showed a number of component with concave and convex shapes. S im ila r, 
but less pronounced separation arte facts were apparent on s i l ic a  gel
F ig .6 .5 .2 . la .  Autoradiograph o f  BEA-derived material separated on 
cel lu lose using solvent system iv .
1) BEA 4) Methanol ex t rac t  of  b i le
2) EA 5) Residue l e f t  in extracted
u r i  np3) Residue l e f t  in extracted b i le
6) Methanol ex t rac t  o f  urine
Broken l ine  represent solvent f ro n t .
Fig. 6.5.2.1b. Autoradiograph of  BEA-derived material separated on 
cel lu lose using solvent system i i .
1 to 6 are the same as Fig. 6.5.2.1a.
plates (F ig. 6.5.2.2a and b).
The EA showed several minor im purities and the BEA showed several 
minor radiolabelled components most probably because of chemical 
decomposition from prolonged storage.
The BEA-derived b i l ia r y  and urinary material was free of both BEA and 
EA as assessed by both and primary amine reacting groups. Further, 
the d is s im ila r it ie s  between the pattern of R^  and primary amine groups 
in b i l ia r y  compared to urinary material suggests tha t few i f  any o f the 
6 to 8 metabolites in each were chromatographically the same. There 
was, however, a substantial amount of labelled material le f t  at the 
o rig in  which represent compounds which were not assessed.
N.B. I t  is not certa in  i f  differences between separated components 
in the methanol extract o f b ile  and urine compared to the aqueous 
dissolved residue represents chemically d iffe re n t components or 
d iffe re n t in te rfe rin g  fa c to rs ).
In view of the potentia l chemical re a c t iv ity  o f BEA the 
chromatographic p ro f ile  of labelled components formed in v it ro  between 
BEA and urinary and b i l ia r y  constituents was also investigated and 
described below.
6.5.2.2 Assessment of in te raction  between BEA and endogenous urinary 
or b i l ia r y  substances. I t  was obviously necessary to establish i f  BEA 
reacted chemically with endogenous substances in urine and b ile  before 
a concerted e f fo r t  was made to id e n tify  BEA metabolites.
a) Preparation of “ spiked1* b i l ia r y  and urinary samples. A s ingle 
Wistar ra t (250g) was housed in a metabolic cage (4 .1 .1 .2) fo r  24h and 
urine collected on ice. The ra t was then anaesthetised (4 .1 .3 .1 ), the 
b ile  duct cannulated (4.1.3.2) and b ile  collected fo r  4h. The urine
(8mL) and b ile  (2.4mL) and saline were each “ spiked1 with 105 d.p.m.
14 i[1- C]BEA ; containing 8.2 and 8mg of nonlabelled m ate ria l,
respective ly in methanol. The material was le f t  overnight at 4°C, 
ro tary evaporated (6.5.1.2a) and methanol extracted (6 .5 .1 .2c).
b) T . l.c .  separation, autoradiography and v isu a lisa tion . T . l.c .  
plates were spotted with "spiked" material as well as BEA and EA 
standards and both urinary and b i l ia r y  BEA-derived material obvtained 
as in (6 .5 .2 .1 ). The plates were run, dried, autoradiographed fo r  90 
days and visualised (6 .5 .2 .1 ).
c) Results. Fig. 6.5.2.2a and b show the t . l . c .  separation on 
s i l ic a  gel. Separation on ce llu lose supports or in d ife re n t solvent 
systems was in fe r io r .  NH^  pos itive  groups are marked "+".
d) Discussion. This investigation was q u a lita tiv e , ra ther than 
quan tita tive , so no attempt was made to measure radiolabel recoveries 
etc. The large number of components in the BEA and EA were chemical 
im purities tha t had been formed over many months, fresh BEA had been 
used fo r  spiking the samples.
The BEA-spiked saline produced a component which chromatographed the 
same as BEA, but both b ile  and urine contained several minor components 
which were chromatographically d iffe re n t to BEA. There were, however, 
no concurrence between these components (as fa r  as R  ^ and primary amine 
groups) and those extracted from urine and b ile  a fte r BEA had been 
administered.
From th is  data i t  is obvious tha t BEA may react chemically w ith 
endogenous components. This approach cannot exclude BEA reacting w ith 
d iffe re n t endogenous substances in the in v itro  and the in vivo 
s itu a tio n . S im ila rly , i t  cannot exclude such chemical reactions 
between BEA congeners and " in v i t r o " or " in vivo" produced endogenous 
m ate ria l.
This observation has two important consequences. F ir s t ly ,  i t  
h igh ligh ts  the need to co lle c t specimens (fo r fu tu re  s tru c tu ra l
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Fig. 6.5.2.2a. Autoradiograph of  BEA-derived material separated on 
s i l i c a  gel using solvent system i .
1) BEA standard , 2)Methanol ex t rac t  of  spiked b i l e ,  3) Methanol ex t rac t  
of  spiked faeces, 4) Residue o f  extracted ur ine, 5) Methanol ex t rac t  of 
spiked urine,  6) Methanol ex t rac t  o f  b i l e ,  7) Methanol ex t rac t  of  u r ine ,  
8) Residue o f  extracted b i l e ,  9) Residue of  extracted urine and 10) EA 
standard.
Fig. 6.5.2.2b.  Autoradiograph of  BEA-derived material separated on 
s i l i c a  gel using solvent system i i .
1) BEA, 2) Methanol ex t rac t  o f  spiked b i l e ,  3) methanol ex t rac t  o f  
spiked faeces, 4) Residue o f  extracted ur ine, 5) Methanol ex t rac t  o f  
ur ine, 6) Freshly prepared BEA standard, 7) Methanol ex t rac t  o f  b i l e ,  
8) Methanol ex trac t  o f  ur ine, 9) Residue of  extracted b i l e ,
10) Residue of  extracted urine and 11) EA standard.
e lucidation) under conditions where la b ile  products w il l  be most 
stable. Secondly, i t  warns o f the need to ca re fu lly  evaluate a ll 
ten ta tive  s truc tu ra l data generated from excreted BEA to avoid chemical 
a rte facts . F in a lly , i t  was uncertain i f  these artefacts were generated 
p a r t ia lly  or e n tire ly  by ro ta ry  evaporating, a fac to r which prompted 
the study described below (6 .5 .3 .2) in which spiked material was freeze 
dried.
6.5.3. Separation of BEA-derived Radiolabelled Material By Liquid 
Chromatography on a Molecular Exclusion Column.
BEA-derived radiolabelled material was o r ig in a lly  aplied to the Bio- 
Gel P-2 column to establish i f : -
A) Any ra d io a c tiv ity  eluted at the void volume. This would suggest 
tha t BEA was covalently bound to a urinary excreted macromolecular 
constituent, a fac to r which might be important in defin ing the molecular 
pathogenesis of the lesion (3 .2 .5 .4 ).
B) There were any s im ila r it ie s  in the d is tr ib u tio n  of radiolabel and 
uronic acid containing material t o ! suggest tha t BEA affected the 
medullary PoG-GAG d ire c tly .
C) BEA could.indeed polymerise to  polycations as was suggested (see 
Fig. 6).
The radiolabelled material separated in to  5 major and several minor 
components and provided a superior chromatographic system to answer 
several questions which could not be assessed on the t . l . c .  systems 
already used.
6.5 .3 .1 . Comparison o f the BEA-derived radio labelled components in a 
methanol extract of freeze-dried urine and in freeze dried urine.
a) Preparation of so lu tions. The unused urine from a ra t treated 
with radiolabelled BEA from another study was divided in to  two 
aproximately equal (5mL) a liquots, and freeze-dried (6 .5 .1 .2b). One
was extracted with lmL portions of methanol 5 times and the extracts 
pooled and made up to 5mL (6 .5 .1 .2c). The other was reconstituted with 
5.0ml_ 0.1 mol/L pH 6.0 Na phosphate buffer 4h before use to allow 
d isso lu tion . About 4h before use lmL of methanol extract was evaporated 
using dry and reconstituted with lmL O.lmol/L, pH 6.0 Na phosphate 
bu ffe r.
b) Chromatographic separation and quan tita tion . Aliquots o f 0.25mL 
were in jected from a 0.5mL gastight syringe (Hamilton), through the 
septum port d ire c tly  onto the column (4.6.2) and fractions collected at 5 
min in te rva ls  fo r  12 h. Each fra c tio n  was counted in d iv id u a lly  with a 
known counting e ffic ie ncy  (Table 4 .3 ).
In addition, t r ip l ic a te  10 yL aliquots of the injected solution were 
counted (Table 4.3.1) so tha t the to ta l amount of a c t iv ity  in jected could 
be calculated and the sum of the ra d io a c tiv it ie s  in each fra c tio n  used to 
ascertain the recoveries from the chromatographic separation.
c) Results. The estimated recovery of radiolabelled material 
exceeded 96%. Fig. 6.5.3.1 shows the radio-chromatographic p ro f ile  fo r  
the methanol extract and fo r  the unextracted urine.
d ) ; Discussion. The high recoveries of in jected material suggests 
tha t very l i t t l e  adsorption takes place. The p ro file s  fo r  the BEA-derived 
material from an extract o f urine and from urine are most s im ila r. There 
are, however,subtle differences between the two radiochromatographic 
profiles, but these may re la te  to s lig h t changes in the compression o f the 
gel. The peaks are sharp and re la tiv e ly  s lig h t changes in re tention time 
might re su lt in a lo t  o f counts going in to  the adjacent v ia l.  Data 
presented below (see 6.5.4) suggests tha t at least some of these changes 
are due e ith e r:-
i )  to fa ilu re  to extract the missing peaks using methanol,
i i )  due to chemical decomposition when the dried samples were
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Fig. 6 .5 .3 .1 . Comparison o f the radiochromatographic e lu tion  p ro file s  
o f BEA-derived material in urine and the methanol extract o f freeze- 
dried urine
extracted with methanol, or
i i i )  s o lu b il ity  problems/chemical decomposition when the methanol 
extract was taken to phosphate bu ffe r.
Perhaps the most s ig n ifica n t find ing  is that very l i t t l e  
radiolabelled material (less than 0.1%) was of high enough molecular 
weight (greater than 2000 daltons) to be excreted at the void volume. 
Further th is  was present in  both the urine and i ts  methanol ex trac t. I t  
therefore seems u n like ly  tha t BEA-derived material which is covalently 
bound to kidney s tructu ra l macromolecules is excreted in the urine 
unless the macromolecules are largely degraded p rio r to excretion.
6 .5 .3 .2 . Comparison of the chromatographic behaviour of b ile  and urine 
BEA-derived radiolabelled m ateria l.
The small but s ig n ifica n t b i l ia r y  excretion of BEA-derived 
radiolabelled material has already been discussed (6.3) in the lig h t  of 
the low molecular weight of the parent compound. The separation of 
labelled urinary material in to  several d iffe re n t molecular weight 
components prompted a s im ila r study on b i l ia r y  excreted BEA-derived 
m ate ria l.
a) Preparation of b ile  and urine. A small amount o f pooled b ile  from 
previous studies (tha t had been stored at -20°C) was thawed, le f t  at RT 
fo r 4h with mixing, centrifuged (3000 rev./m in fo r 20 min) and used. 
Freeze-dried urine was prepared as described above (6 .5 .3 .1a).
b) Chromatographic separation and quantita tion . Aliquots o f b ile  or 
urine were in jected, frac tions  collected and quantitated as described 
above (6.5.3.1b). Separate aliquots were also counted fo r  estimation of 
recoveries.
c) Results. The recovery from urine was 98% but from b ile  only 92%, 
Fig. 6.5.3.2 shows the radiochromatographic p ro f ile  fo r  b ile  and urine.
d) Discussion. More of the b i l ia r y  BEA-derived components eluted
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Fig. 6 .5 .3 .2 . Comparison o f the radiochromatographic e lu tion  p ro file s  
o f a methanol extract o f freeze-dried b i l ia ry  and urinary BEA-derived 
m ateria l.
from the column between 2 and 5h and less from 5 to 7h than was the case 
fo r  urine. This confirms the t . l . c .  data presented below tha t there are 
few, i f  any s im ila r it ie s  between b i l ia r y  and urinary BEA-derived 
m ateria l. I t  was not possible to establish which of these components 
also formed between b ile  and BEA in v i t r o .
The shorter e lu tion  times ( i .e .  higher molecular weight) o f these 
components in b ile  probably explains why they had been excreted by th is  
route. The fu ture study of BEA bioconversion w il l  thus have to establish 
the f u l l  s truc tu ra l id e n tity  of these b i l ia r y  components before the 
metabolism of urinary BEA-derived material is  f u l ly  described.
6.5 .3 .3 . An assessment of in v it ro  BEA s ta b i l i ty  using liq u id  
chromatography. BEA is an unstable chemical in solution and, therefore, 
some of the BEA-derived urinary material might represent e ithe r polymers 
or products tha t had been formed chemically from endogenous urinary 
substances and e ithe r BEA or one of i ts  unstable congeners. The 
s ta b il i ty  of BEA was studied in both urine and in bu ffe r.
5a) Spiking of urine and b u ffe r. A liguots of approximately 10 d.p.m.
14of [1- C]BEA in 2mg of non-labelled material (dissolved in methanol) 
was transferred to 25mL s te r i le  p la s tic  containers (S te r i l in ,  London) 
and evaporated with N^.
A male Wistar ra t (200g) was housed in a metabolic cage (4 .1 .1 .2) and 
urine collected d ire c tly  onto the labelled BEA, at 0°C fo r  24h. Part o f 
the urine was used, the rest freeze-dried and reconstituted with 2.5mL o f 
0.1 mol/L, pH 6.0 Na phosphate bu ffe r.
The s ta b i l i ty  of BEA was also assessed in 0.1 mol/L, pH 6.0 Na 
phosphate buffer 24h a fte r recons titu tion , and a fte r freeze drying and 
reconstitu ting  again.
b) Chromatographic separation and quan tita tion . A liquots of 0.15 mL 
were in jected, separated, fractiona ted , quantitated and recoveries
estimated 'as described (6.5.3.1b) fo r  the fo llo w in g :-
i )  Spiked pH 6.0 buffer - 24h at 0°C
i i )  Spiked pH 6.0 buffer freeze-dried and reconstituted.
i i i )  Spiked urine collected 24h at 0°C.
iv ) Spiked 24 h urine, freeze-dried and reconstituted.
c) Results. Fig. 6.5.3.3a-d shows the radiochromatographic p ro f ile  
fo r  BEA in the 4 d iffe re n t systems studied.
The to ta l number of d.p.m. d iffe rs  depending on the volume from which 
the sample was taken (e.g. the 24h urine volume was about 8mL, whereas 
the other volumes were 2.5 mL). The recoveries of eluted material were 
in excess o f 95% of the in jected m ateria l.
The fresh ly  prepared BEA in buffer showed two minor "leading" 
shoulders (Fig. 6.5.3.3a) but these were increased a fte r freeze-drying 
and reconstitu tion  (Fig. 6 .5.3.3b). The spiked urine showed both a 
leading and a ta il in g  component (F ig, 6 .5 .3 .3c). A fte r freeze-drying, 
however, there was a most substantial loss of the o rig in a l component 
(which eluted at 6h) in favour of a series of higher molecular weight 
substances (Fig. 6 .5 .3 .3d).
d) Discussion. The 0.1 mol/L, pH 6.0, Na phosphate buffe r was used 
as the liq u id  phase in which to assess BEA s ta b i l i ty  because i t  was the 
liq u id  phase used fo r  the column chromatographic system, and, 
fo rtu ito u s ly  i t  also provides a pH s im ila r to tha t observed in ra t urine 
a fte r BEA dosing (see section 6.1).
BEA appears to be re la tiv e ly  stable in both pH 6.0 buffe r and in ra t 
urine (pH 7.3) at 0°C fo r  24h. Freeze-drying and recons titu ting , altered 
the molecular weight d is tr ib u tio n  only s lig h t ly  in buffe r but caused 
most dramatic changes in the urine p ro f ile .
I t  is probably not va lid  to extrapolate these find ings on BEA
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Fig. 6 .5 .3 .3 . Comparison o f the s ta b i l i ty  o f radiolabelled BEA 
in bu ffe r (pH 6.0,0.1 mol/L phosphate) and in  urine.
a) BEA spiked in to  bu ffe r 0°C 24h
b) BEA spiked in to  bu ffe r 0°C 24h, freeze-dried and reconstitu ted
c) BEA spiked in to  urine 0°C 24h
d) BEA spiked in to  urine 0°C 24h, freeze-dried and reconstitu ted
s ta b i l i t y  to the urine of a BEA treated ra t,  because the urinary 
constituents d if fe r  from a non-BEA treated ra t,  the pH is lower and BEA 
metabolites may be more or less stable than the parent compound. The 
major find ing  of significance is tha t freeze-drying may d ra s tic a lly  
a lte r  the nature of BEA-derived material and might have contributed 
arte facts (the exact nature of which are not well understood) to the 
studies described so fa r  and those reported below.
6.5.4 The Effects of Selective Enz.ymic Digestion on the Chromatographic 
Separation P ro file  o f BEA-derived Radiolabelled M aterial.
A prelim inary attempt to  assess the e ffe c t of sulphatase and beta- 
glucuronidase digestion on BEA-derived material had proved inconclusive 
because of the arte facts associated with the t . l . c .  separation. The 
successful separation of several components by column chromatography 
(6.5.3) offered an improved approach.
a) Enz.ymic digestion of BEA-derived m ateria l. A liquots of 
reconstituted freeze-dried urine (0.20mL) were placed in lmL Reactive- 
v ia ls  (Pierce & Warriner, Cheshire ) with PTFE lined screw top closures. 
An equal volume (0.20mL) of enzyme or buffer only was added. The enzymes 
were:-
i )  Sulfatase (Sigma, Poole) 200 Units plus 5mg saccharolactone 
(Sigma, Poole) in 0.2 mol/1 Na acetate bu ffe r, pH 5.0.
i i )  Ketodase (W. Warner, Hampshire) 1250 Units in 0.2 mol/1 Na 
acetate bu ffe r, pH 5.0.
i i i )  Trypsin (Sigma, Poole) 7000 BAEE Units in 0.1 mol/L Na phosphate 
bu ffe r, pH 7.4.
iv ) Collagenase (Sigma, Poole) 1250 Units in 0.1 mol/L Na phosphate 
bu ffe r, pH 7.4.
v) Hyaluronidase (Sigma, Poole) 1000 NF Units in 0.1 mol/L Na 
phosphate bu ffe r, pH 7.4.
v i)  Chondroitinase ABC (Sigma, Poole) 5 Units, in 0.1 mol/L Na 
phosphate bu ffe r, pH 7.4.
v i i )  Chondroitinase AC (Sigma, Poole) 5 Units, in 0.1 mol/L Na 
phosphate bu ffe r, pH 7.4.
These were digested at 37°C fo r  24h and then frozen and stored at - 
20°C u n til they were required. In addition two v ia ls  of urine only were 
mixed with an equal volume of pH 5.0 acetate bu ffe r and another two with 
pH 7.4 phosphate buffer only. One at each of these pH values was 
incubated fo r  24h and the other frozen at -20°C u n til used. .
b) Chromatographic separation and q uan tita tion . The frozen control 
v ia ls  or enzymic digests were thawed before use, le f t  fo r lh  at RT to 
allow d isso lu tion  and centrifuged (3000 rev./m in. fo r  20 min) to remove 
a ll the particu la te  m ateria l. A liquots of 0.15mL (only O.lOmL in the 
case of sulfatase which is a most insoluble enzyme)of the supernatant was 
taken in to  a gastight syringe, in jected, separated etc. as described 
above (6 .5 .3 .1b ).
c) Results. There were essen tia lly  no differences in the 
radiochromatographic p ro f ile  of the separation using e ithe r the pH 5.0 
or the pH 7.4 buffered material both before and a fte r incubation at 37°C 
fo r  24h. A representative separation is shown in Fig. 6.5.4a. 
Sulphatase caused no change (F ig. 6 .5.4b), but a ll the other enzymic 
digestion caused the loss of one or more components e lu ting  at about 6 or 
7h in favour of an increased amount of material (o f higher molecular 
weight) e lu ting  between 3 and 5.5h (Fig 6.5.4c~h).
d) Discussion. These resu lts  are d i f f ic u l t  to in te rp re t. Selective 
enzymic digestion would have been expected to release a radio labe lled 
molecule from its  sulphate or glucuronide conjugate, or to cleave o ff  
carbohydrate and/or peptide groups. The nett e ffe c t would be a reduced 
molecular weight and a longer e lu tion  time. A ll the enzymic related
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Fig. 6 .5.4. Comparison o f the e ffe c t o f enzymic digestion (24h a t 37 C) 
on the radiochromatographic e lu tion  p ro f ile  o f BEA-derived material in  ra t 
urine. Shown are :-
a) Control urine e) Collagenase digested
b) Sulphatase digested f )  Hyaluronidase digested
c) Ketodase digested g) Chondrointinase ABC digested
d) Trypsin digested h) Chondroitinase AC digested.
CM
CM
ludp
cnanges, nov/ever, were a sniTt Trom low to mgner muiecuiar we ignu. mib 
suggests tha t molecules may, in fa c t, be binding to urinary or enzymic 
components such as polypeptides or oligosaccharides, (th is  seems 
un like ly  because the p ro te o ly tic  or carbohydrate degrading enzymes 
should digest these species). A lte rn a tive ly  enzymic digestion may 
release a BEA-derived molecule which can then react with another ca rrie r 
component in urine covalently or, perhaps, hydrophobically or the 
chromatographic separation of these components may not have been based 
on purely molecular weight charac te ris tics . In any event these changes 
are minor and account fo r  the loss of only a few percent of the 
undigested BEA-derived m ateria l.
6.6 THE EFFECT OF 2-BROMOETHANAMINE ON THE URINARY AND MEDULLARY 
PROTEOGLYCAN-DERIVED MATERIAL.
BEA caused a marked increase in the histochemical sta in ing of the 
medullary PoG-GAG matrix (5.2) followed by losses which were confined to 
tha t area of the p a p illa  which underwent necrosis. The studies described 
in th is  section were undertaken to confirm these changes biochemically.
6.6.1 The E ffect o f BEA on the Polydispersion of Urinary Uronic Acid 
Containing M ateria l.
The molecular weight d is tr ib u tio n  of urinary substances containing 
uronic acid (as a spec ific  PoG-GAG marker) were followed in response to 
BEA in s u lt.
a) Animals and treatment. Three male Wistar ra ts ’ (220-230g) were 
housed fo r  a 24h acclim atisation period in metabolic cages (4 .1 .2 .2 ) 
where food and water were fre e ly  available. Urine was collected at 0°C
from each ra t fo r  24h before ip dosing with lOOmg/kg BEA (4.1 .1) and
thereafte r fo r 4 periods each of 24h. Immediately a fte r co llec tion  the
Urine was frozen and stored at - 20°C u n til the experiment had been
concluded, when i t  was freeze-dried.
b) Analysis of the polydispersion of uronic acid containing
m ate ria l. Each lyophilised urine sample was reconstituted on the day of 
use with lOmL O.lmol/L phosphate bu ffe r, pH 6.0 as described (4.6.4) le f t  
to dissolve at RT fo r  4h and both s te r ilis e d  and cleared o f much 
inorganic pa rticu la te  material (which was insoluble) by passage through 
a 0.22 ym f i l t e r .  A liguots (0.25mL) were applied to the Bio-gel P2 
column v ia  a 3-way tap and the eluant was monitored continuously fo r 
uronic acid at 520 nm using the borate-carbazole assay (see 4 .6 ).
c ) Results. Fig. 6.6.1 a-d shows a typ ica l series of traces fo r 
d iffe re n t molecular weight components containing uronic acid fo r  the 24h 
co llec tion  period before and fo r  four consecutive 24-h co llec tion  
periods a fte r BEA.
d) Discussion. The BEA caused a sustained marked increase in the
high molecular weight component that eluted at 2h. The loss o f
intermediate and low molecular weight material over the f i r s t  48h a fte r
BEA treatment may re la te  to the loss of p a p illa ry  MPS sta in ing . Data
35presented below (6.6.2) confirms tha t BEA caused loss of S from the 
medulla but th is  could represent desulphation of the linear carbohydrate 
chain. The increase in intermediate and low molecular weight components 
between 48 and 96h may represent a typ ica l compensatory response by the 
kidney, where the remaining viable in te r s t i t ia l  ce lls  were synthesising 
more PoG-GAG.
The paucity of data on medullary in te r s t i t ia l  PoG-GAG dynamics does, 
however, make i t  d i f f ic u l t  to give meaning to these data without recourse 
to other technigues (see 7 .3).
6.6.2 The E ffect o f BEA on Medullary Proteoglycan Derived M a te ria l.
35 2-Experiments which w il l  not be reported here showed tha t both S0^ 
and ^C-glucosamine (given ip or sc in single or m ultip le  doses) formed 
part of a complex series of metabolic pools before they were excreted in
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Fig. 6.6.1. Comparison o f the e lu tion  p ro file s  o f urinary material 
containing uronic acid ( measured by the borate-carbazole assay, and 
separated on the basis o f molecular weight ) from a ra t treated w ith 
50mg/kg BEA ip . The traces represent normalised responses fo r : -
a) 24-h control period d) 48 to 72h, and
b) 0 to 24h, e) 72 to 96h a fte r  BEA.
c) 24 to 48h,
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urine, faeces and ( fo r  glucosamine, breath). The adm inistration or uta to 
animals with radiolabelled PoG-GAG fa ile d  to show any differences in 
metabolic p ro file s  of urinary, faecal or breath excreted label probably 
because of
A) The small amount o f labelled material incorporated in to  the 
p a p illa , compared to tha t incorporated in to  the rest of the body (less 
than 0 .01%) even when given sc.
B) The rapid turnover of labelled material between d iffe re n t 
molecular weight groups in the urine.
The complexities o f, and lack o f data on, medullary PoG-GAG 
biodynamics dictated tha t only very lim ited  in te rp re ta tion  could be made 
of changes in its  radiolabelled material at th is  stage. Possible 
d irections to be followed in fu tu re , to be tte r define medullary PoG-GAG 
dynamics and methods fo r  "s p e c ific a lly "  ra d io lab e lling  of th is  tissue 
are discussed below (see 7 .3).
6.6.2.1 Time-course changes in tissue sulphate turnover was assessed as 
a gross measure of PoG-GAG changes.
a) Animals and treatment. A group o f 9 male Wistar ra ts (150g) were
3 5  o .each in jected sc with 300 yCi of ca rrie r-fre e  S0  ^ (Amersham 
In te rn a tion a l, Amersham).
b) Tissue radiolabelled sulphate and its  quan tita tion . Rats were 
k ille d  in te rm itte n tly  up to 5 days (see below), at th is  time 2 of the 
remaining 4 rats were treated with 50mg/kg BEA ip . The radio labe lled 
sulphate treated animals (number in parenthesis) were k il le d  at 1(1) ,  
3(2)5,(2) and 8(4) days (2 o f which had been BEA treated) by cerv ica l 
d iss location , opened by a m id-line inc is ion  and the fo llow ing organs 
removed kidney, bladder, l iv e r ,  heart, lung, spleen and th igh muscle. 
A ll the non-renal tissue was snap frozen (4 .2 .3 ). The kidneys were held 
on both dorsal and anterio r faces and a s lice  o f tissue (about 2mm wide)
was cut sa g g ita lly  through the centre o f the kidney, from the pelvis to 
the outer circumference using two blades held p a ra lle l in a device 
s im ila r to tha t described by Simonnet et a l. (1980). This s lice  of 
tissue (which contained the pa p illa ) was also "snap fro z e n " .I t  took 
about 20 to 30s from the time of k i l l in g  to have both s lices o f kidney 
■frozen,-.;
The tissue was kept at -30°C and duplicate samples of up to lOOmg 
were transferred to weighed glass v ia ls , reweighed, digested (4.3.3) and 
counted; each v ia l was recounted with an in terna l standard (4 .3 ). The 
s lice  of kidney was separated in to  cortex, corticomedu 11 a and medulla 
and each counted separately.
35
c) Results Table 6.6.2 shows the amount of S label in each tissue 
at 1, 3, 5 and 8 days without BEA treatment and when BEA was given on day 
5 and animals k ille d  on day 8 .
d) Discussion Radiolabelled sulphate provides a more spec ific  
marker of PoG-GAG (Kennedy, 1979) than does a ^C-carbohydrate precursor 
(e.g. glucosamine), which, in the medulla, may also be incorporated in to  
glycogen (Darnton, 1969a) or p a rtic u la r ly  in to  glycoprotein such as 
Tanm-Horsfall glycoprotein (Dawnay, 1981).
The high cortex and especially the high medullary sulphate levels in
35  2 -the f i r s t  few days, probably represents f i l te re d  and urinary S0^ th is  
would explain the marked decreases by the 5th day.
The residual radiolabel in the p a p illa  of BEA treated animals was 
about ha lf of tha t in non-treated contro ls. In contrast the radio label 
in other tissues was s im ila r, irrespective  of treatment, and any 
differences were of the same order as tha t seen fo r  duplicates w ith in  the 
same group ( i.e .  no more than 10 to 15% of th e ir  means).
These results confirm biochemically tha t a fte r BEA treatment loss o f
35
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35 -SOg on GAG. These would probably serve to bind co llo id a l iron or
in te ra c t with one of the other MPS-specific sta ins. Because of the
complexity of the PoG-GAG molecule, however, th is  re la tiv e ly
unsophisticated approach can give l i t t l e  additional information.
Autoradiographic techniques, would have to be used to establish tha t the 
■ 35loss o f S is , indeed, from necrosed regions o f the p a p illa . I t  is
possible tha t BEA removes the -SO  ^ groups o ff  the carbohydrate back bone.
At f i r s t  consideration s im ila r studies using a labelled carbohydrate
precursor could better define these changes but carbohydrates are not
confined to the PoG-GAG pool only (see above) and the low incorporation
14of less than 0.01% makes the use of C material unpractical from a cost 
point of view especially i f  the morphological significance of these 
changes were to be assessed autorad iograph ic a l ly .
Possible a lte rna tive  ways to get more radiolabelled precursor in to  
the p a p illa  are discussed below (7 .3 .3 ).
6.7 CHAPTER SUMMARY
BEA causes a marked sustained diuresis w ith in  the f i r s t  hours of 
administration during which time the urinary pH f e l l  to about 6.0 and 
urine osm olality decreased to 300-400 mOsm/kg from about 1000 mOsm/kg.
The macroscopic d is tr ib u tio n  of BEA-derived radiolabelled showed that 
in trap e rito ne a lly  administered BEA-derived • radiolabel was rap id ly  
absorbed, there was no material le f t  in the perioneal cav ity  a fte r 
2h. The BEA-derived material was d is tribu ted  most prominently in the 
bladder, the stomach and upper gas tro -in tes tina l tra c t and the kidney. 
S ign ifican t amounts were also present in the l iv e r .  The lig h t  
microscopic d is tr ib u tio n  of radiolabelled material showed a modest two 
to three fo ld  concentration in the medulla, but freezing arte facts 
destroyed the morphology, most l ik e ly  caused some translocation and 
prevented more d e fin it iv e  lo ca lisa tio n .
14Intravenously administered [1- C]BEA was excreted in both the 
urine ( 21 to 30 %) and in the b ile  ( 4.65% a fte r lOOmg/kg and +10 %
a fte r 50mg/kg) during the f i r s t  5h in anaesthetised ra ts . In conscious 
rats between 71 and 76 % of the administered dose was recovered in 
72h; 66 to 81 % in urine, 3 to 5 % as CO ,^ 0.5 to 2 % trapped in
HC1 as an a lka line breath component and 1 to 3 % in faeces. Between 
71 and 95 % of to ta l urinary excreted radiolabelled material was 
excreted in 24h. The excretion p ro f ile  was s im ila r fo r  d iffe re n t routes 
of administration and la rge ly unaffected by pretreatment, except where 
non-labelled BEA (50mg/kg) had been given 24h before, in which case the 
to ta l urinary excretion increased to 84 % o f the dose administered.
The p a r t ia lly  papillectomized kidney handled the BEA load 
ind istingu ishably from the normal kidney.
BEA-derived radiolabelled products could not be extracted in to  
organic solvent, irespective of the pH. Most of the radiolabel was, 
however, extracted in to  methanol from a freeze-dried or ro ta ry 
evaporated residue. B ile  and urinary material were each resolved in to  at 
least 6 to 8 components on t . l . c . ,  but there were no chromatographic 
concurrence between materials from the two excretory routes. Liquid 
chromatography on a molecular exclusion column resolved urinary BEA- 
derived substances in to  3 major and several minor components, generally 
of higher molecular weight than the parent compound. The b i l ia r y  
material separated in to  a s im ila r number o f components, but there was a 
predominence of higher molecular weight m ateria l. The digestion of 
urinary BEA-derived material with deconjugating enzymes ( 3 - 
glucuronidase and sulphatase) and with p ro te o ly tic  and GAG degrading 
enzymes caused only minor changes in the chromatographic p ro f ile  of 
labelled m ate ria l. BEA is re la tiv e ly  stable in acidic bu ffe r, but reacts 
chemically with endogenous urinary substances, a change which was more
prominent a fte r freeze-drying.
BEA-caused a c rys ta lu r ia  which consisted of a magnesium anmonium 
potassium phosphate complex w ith in  a few hours of adm inistrtion to 
anaesthetised ra ts . The polydispersion of uronic acid containing 
urinary material varied substan tia lly  in the period tha t followed BEA 
treatment. The high molecular weight material increased, intermediate 
weight material decreased and then rebounded, but the f in a l post­
treatment pattern of polydispersion d iffe red  from con tro l. BEA caused a
35
substantial loss o f S from the p a p illa  but not from other tissue.
CHAPTER 7
THE MOLECULAR PATHOGENESIS OF 
2-BR0M0ETHANAMINE— INDUCED RENAL PAPILLARY 
NECROSIS, ITS SIGNIFICANCE TO OTHER TYPES OF 
CHEMICALLY INDUCED PAPILLARY NECROSIS IN ANIMALS AND MAN 
AND POSSIBLE FUTURE RESEARCH DIRECTIONS
Toxicology is  a developing science where a ll too frequently an 
observed b io log ica l response has been interpreted as the major event 
underlying the molecular changes which lead to the development of a 
lesion. I t  is often too easy to provide a cogent explanation (v ia , both 
misguided inductive or misconstrued deductive reasoning) to lin k  such a 
change with the f in a l e ffe c t. I t  is much more d i f f ic u l t  to prove cause, 
especia lly when (as has been the case) too much of tox ico log ica l 
research has used a u n i-d isc ip lin a ry  "shot-gun" approach to probe 
multidimensional and many faceted problems. Too often concepts derived
i *from such research e ffo rts  are so deeply ingrained in s c ie n t if ic  
lite ra tu re  that generations of " s c ie n tif ic "  im ita tors  establish them as 
dogma.
The discussion tha t follows w il l  t r y  to avoid these p i t f a l ls  and w il l  
attempt to develop a working hypothesis to  explain the molecular 
pathogenesis of RPN (and its  sequelae), in both the acutely and the 
chron ica lly  induced lesions, in experimental animals and in man.
7.1 THE MOLECULAR PATHOGENESIS OF 2-BROMOETHANAMINE-INDUCED RENAL 
PAPILLARY NECROSIS
This pro ject was undertaken to define spec ific  aspects of the 
histopathological and biochemical changes associated with the use of
BEA, a model compound which caused RPN w ith in  24 to 48h.
7.1.1 The Absorption, D is tribu tio n  and Excretion of BEA.
BEA was shown (6.2) to be rap id ly  absorbed from the in tra -peritonea l 
s ite  of administration and the urinary excretion p ro f ile  of BEA-derived 
material was s im ila r when i t  was given e ithe r ip or sc which suggests an 
equally rapid uptake from the sc s ite s . The urinary e x c re tio n 'p ro fi1e 
from a ra t given BEA po showed some delay in reaching a peak urinary 
excretion. This might be explained by a delayed absorption, or by an 
enterohepatic c irc u la tio n , where more of the o ra lly  administered BEA 
would undergo a " f i r s t  pass e ffe c t"  and, therefore, delay its  entry in to  
the systemic c ircu la tio n  (see also 7.1.2 below).
The autoradiography showed tha t in tra -p e rito n e a lly  administered BEA- 
derived radiolabelled material was present in largest amounts in the 
stomach and uppoer ga s tro -in tes tina l t ra c t,  the kidney and most 
p a rtic u la r ly  the bladder. S ig n ifica n tly  less labelled m aterial was 
present in the liv e r .
This might be explained by a movement o f BEA-derived material from 
the c ircu la tin g  blood in to  the stomach or by the upper gastro­
in te s tin a l tra c t wall secreting BEA-derived material from the 
peritoneal cavity and (perhaps) from the liv e r .  This would establish 
an important vascular and extra-vascular f lu x  which would be expected 
to contribute to both the hepatic uptake and excretion (see also 7 .1 .2 ).
The BEA-derived material was very la rge ly excreted via  the kidney. 
Up to 89% of the excreted dose (70% of the administered dose) was 
excreted in the urine, 96% in the f i r s t  24h (6 .3 ). This f u l f i l l s  the 
tox icok ine tic  requirement fo r  producing a d ire c t nephrogenic e ffe c t by 
presenting the kidneys with substantial quantities of BEA-derived 
m ateria l. Assuming tha t 30 to 40% of a 50mg/kg dose was excreted in the 
f i r s t  4h, during which the urine volumes were ty p ic a lly  6mL,in the
conscious ra t the concentration of BEA derived material would be of the 
order o f 15-30 mmol/L (see 6.3 to 6.4 fo r  these fig u re s ). BEA does, 
however, give rise  to a number of chromatographically separatable 
species. Thus assuming tha t any of these 3 to 6 major components is 
pure, no single BEA-derived congener would excede a concentration of 
about 2 to 10 mmol/L.
The defining o f these high urinary concentrations of BEA-derived 
material contribute very l i t t l e  to the understanding of the molecular 
pathogenesis, per se, because neither the chemical nature of these 
components is known nor is the precise loca lisa tion  of to ta l 
ra d io a c tiv ity  at a c e llu la r  level established.
Murray et a l. (1972) f i r s t  suggested tha t the cyc liza tion  of BEA to
El was a mandatory step in the process of BEA-induced RPN. The
hypothesis has not, however, been proven. Wright & Rowe (1967) are the
only workers to have published data on the d is tr ib u tio n  and metabolism 
14of C-EI. There are certa in s im ila r it ie s  between the absorption, 
d is tr ib u tio n  and excretion of El and BEA (metabolism is considered 
below 7 .1 .2 ), but there are also marked differences.
Wright & Rowe studied the organ d is tr ib u tio n  of El at 24 and 96h. 
P a rticu la rly  large amounts of a c t iv ity  were found in the l iv e r ,  and also 
the pancreas, kidney, spleen, red ce lls  and bone marrow at 24h. Very 
large residues o f radiolabel were also - found in the upper 
gastro in testina l t ra c t ,  fo llow ing an in tra -p e rito n e a lly  administered 
dose. The persistent labe lling  of l iv e r ,  pancreas, kidney, spleen and 
red ce lls  at 96h shows that El-derived radio label was part o f a 
"metabolic pool" w ith a slow turnover. No attempt was made to define 
how El was d is tribu ted  w ith in  the kidney.
The excretion of E l, in common with BEA, included an exhaled basic 
component (th is  was not id e n tifie d ) about 1 to 2%, as well as CC^  (3 to
5%), and a low faecal recovery (1 to 5%). The urinary recoveries were, 
however, lower (50%) although most of the C-14 had, in common with BEA, 
been excreted in the f i r s t  24h. The to ta l recovery was of the order of 
55 to 60%, a value much lower than BEA. This discrepancy would most 
l ik e ly  be a consequence of macromolecular a lky la tion  by E l. The 
protracted lab e llin g  of the liv e r ,  spleen, pancreas, kidney and 
erythrocytes probably re fle c t th is  a lky la tion .
While the stomach pH may have a marked s ta b ilis in g  e ffec t* the 
po ten tia l fo r  BEA to cyc lize  could be realised e ither before i t  reached 
the stomach or once i t  le f t  i t .  Thus although there are some marked 
differences between the absorption, d is tr ib u tio n  and excretion of El i t  
is impossible to exclude the p o s s ib ility  tha t at least part o f the 
administered BEA was converted to th is  a z ir id ine  rin g , w ithout recourse 
to metabolism.
7.1.2 The Metabolism of BEA
A substantial amount of the to ta l dose (about80%) of labelled BEA was 
recovered, mostly in the urine, but none as BEA or EA. The s ite  and 
type of BEA metabolism is uncertain but some of th is  compound may 
undergo in te s tin a l or hepatic metabolism to form part o f an 
enterohepatic c ircu la tio n . Up to 10% of administered BEA was recovered 
in  the b ile  w ith in  5h of adm inistration, but no more than 4% was 
recovered in faeces in 72h. I t  is  l ik e ly  tha t more BEA-derived material 
passes through the b i l ia r y  system than was, in fa c t, observed in the 
anaesthetised ra t,  where the b ile  flow rates decreased subs tan tia lly  
over the duration of the procedure, a change which may have lim ited  
b i l ia r y  excretion.
The enigmatic b i l ia r y  excretion of a low molecular weight compound 
such as BEA (6.3.1) is only p a r t ia l ly  explained by the higher moleular 
weight BEA-derived material in b ile  (6 .5 .3 .2 ). The presence of th is
chromatographically d iffe re n t material in b ile  substantiates the extra- 
renal metabolism of some BEA. These in te s tin a l or hepatic metabolites 
appear to be unrelated to the in v itro  p a p illo to x ic  e ffects of BEA, 
however, because neither inducers nor in h ib ito rs  of mixed functional 
oxidase a c t iv ity  (p a rtic u la r ly  hepatic) perturbated the necrotic 
lesion.
The d iffe re n t chromatographic p ro f ile  of BEA-derived radio labe lled 
material in b ile  and in urine, together with the low faecal recoveries, 
suggests tha t the b i l ia r y  products undergo other metabolic processes 
before urinary excretion. The fa ilu re  to id e n tify  e ithe r sulphate or 
glucuronide metabolites in urine suggests tha t other types of 
metabolism occur (see Fig. 6 ). Few of the metabolites separated by 
t . l . c .  gave a positive  primary amine reaction with fluorescamine
(6.5.1) which suggests tha t i f  a glutathione conjugate was formed 
in i t ia l l y  i t  may be present as the metabolised mercaptunic acid or tha t 
the primary amine group o f the BEA-derived product is altered (e.g. 
acetylated).
Only a re la tiv e ly  small amount o f BEA-derived CO^  was excreted. This 
suggests tha t the C-l position is protected from metabolic degradation. 
No attempt was made to study the v o la t ile  basic component tha t was 
exhaled.
These metabolic studies shed l i t t l e  lig h t on the l ik e ly  conversion 
of BEA to El in v ivo . I t  is tempting to compare the amount of CC^  
derived from E l, but i t  cannot be ascertained from the data o f Wright & 
Rowe (1967) i f  the molecule was labelled on both or only one carbon 
atom. In common with our find ings fo r  BEA-derived material u rinary E I- 
derived material could not be extracted in to  organic solvents at 
ac id ic , neutral or basic pH. El-derived material was resolved in to  2 
components on an anion exchange column, one of which was shown to form
at least 4 components on paper chromatography using a solvent system 
which gave no separation of BEA-derived material in our hands. The 
other was said to separate in to  "a large number" of components, but no 
fu rthe r data was given (Wright & Rowe, 1967). A comparison of the BEA 
and El metabolism data, therefore, gives no equivocal data on the 
conversion o f BEA to E l.
I t  is  thus impossible to be certa in  i f  BEA or i ts  eyelized congener 
El is  the proximate or the ultim ate p a p illo to x in . We have been unable 
to fin d  any v o la t ile  BEA-derived radiolabelled component in urine, 
which suggests tha t no El is  excreted per se. S im ila rly  there was no 
BEA excreted in urine (as assessed by t . l . c . )  per se. The data 
presented above (6.5 .3 .3) does, however, show tha t BEA reacts with 
endogenous urinary compounds. Thus i f  BEA was excreted i t  might undergo 
chemical change e ithe r in the urine or during iso la tio n . The same is 
l ik e ly  fo r E l.
The elucidation of the structure o f the major BEA chemical reaction
products and b io log ica l metabolites w il l  give an important ins igh t in to
the molecular pathogenesis of RPN. This w il l  confirm some of the
possible routes suggested in Fig. 6 . More importantly i t  w il l  give some
idea of the formation of covalent bonds with endogenous substances,
which might d isrupt function or s tructure . This is  also a necessary
pre-requ is ite  to iden tify ing  "proximate" p a p illo to x ic  BEA derived
molecules fo r  subsequent assessment. F in a lly , i t  is only once the
chemical structures of these compounds has been elucidated th a t the
d is tr ib u tio n  of radiolabelled carbon atoms derived from the
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s p e c if ic a lly  tagged 2-bromoU- C]ethanamine can be devised. This w i l l  
answer the question on the ro le of El formation as an intermediate in 
the production of the dehalogenated products. I f  the carbon atom 
adjacent to the amine is the only one to carry the labe l, then El could
not have been an intermediate. I f  the ra d io a c tiv ity  is  d is tribu ted  
between C-l and C-2 i t  would suggest tha t El was an intermediate, and i f  
the label is equally d is tribu ted  El would be an ob liga tory 
intermediate.
7.1.3 BEA in Relation to the Commonly Investigated Mechanism 
Underlying P a p illo to x ic ity .
The various theories tha t have been suggested to explain the 
biochemical mechanisms underlying the pathogenesis of RPN have been 
reviewed above (3 .2 .5 ). I t  has not been possible to assess each of them 
c r i t ic a l ly  with respect to the BEA-induced RPN, but some general 
conclusions can be drawn.
Autoradiography at the lig h t microscopic level suggested tha t BEA- 
derived material was concentrated only modestly across the kidney 
(6 .2 .2 ). The freezing artefacts (associated with the tissue changes 
which preceded the development of the lesion) prevented precise 
information on the d is tr ib u tio n  of the BEA-derived material in  re la tion  
to medullary morphology. I t  is only when th is  information is available 
tha t the question of the significance of the counter current 
concentration e ffe c t on BEA-derived material can be answered 
equivocally.
The micro-vasculature of the medulla .showed no early  vascular 
occlusion a fte r a BEA in s u lt,  even when the necrotic changes in the 
contra la tera l kidney were quite substantia l. Thus vasospasm does not 
appear to be a contributing fac to r to the development of anoxia or 
ischaemic in ju ry  that might cause RPN. The co llo id a l carbon f i l l i n g  
method used in th is  study (5.5) could not, however, d if fe re n tia te  
anoxia that developed as a consequence of haemostasis caused by the 
vaso-d ila ta tion which was observed. Published plasma flow  data a fte r  a 
BEA in s u lt does not, however, appear to support haemostasis (Solez et
a l. ,  1974 and Vanholder et a 1., 1981). These studies cannot, however, 
exclude the p o s s ib ility  tha t BEA in su lt might cause an markedly 
increased oxygen requirement.
The possible ro le  o f an enzymic conversion of BEA to a b io lo g ica lly  
reactive intermediate cannot yet be completely resolved. This study 
fa ile d  to id e n tify  BEA-derived radiolabelled material as part of a 
urinary macromolecule (greater than 2000 dal tons). This suggests tha t 
i f  a nucleophile was generated, i t  e ithe r bound to a s truc tu ra l or 
functional component which was not los t to the urine per se (a 
p o s s ib ility  which seems u n like ly  because of the substantial destruction 
of the medulla and the marked d iu re tic  response) or i t  bound to micro- 
molecules. This seems more lik e ly  and may explain the increased 
molecular weight of BEA-derived products (7.1.2) especia lly tha t 
excreted in the b ile . These may not be fragments of macromolecules, 
because p ro te o ly tic  and g ly c o ly t ic  enzymic digestion fa ile d  to a lte r  the 
chromatographic p ro f ile  of BEA-derived urinary products.
There is no d ire c t data to support or deny the in te raction  between 
BEA and the prostaglandins. The exacerbation of the BEA-induced RPN by 
analgesic pretreatment (5.3.4) may be to ta lly  unrelated to  the 
in h ib itio n  o f PGE^  synthesis (3 .2 .5 .3) and re la te  rather to one of the 
other many metabolic e ffects caused by these compounds (see below, 
7 .1 .4 ). ; ^
No attempt was made to study the e ffe c t of BEA on the intermediate 
metabolism of the medulla, because of the problem of c e llu la r  
heterogeniety. Possible fu ture  approaches to resolving th is  problem 
are discussed b r ie f ly  below (7 .3 .4 ).
Very recent investigations (once again outside o f the scope of th is  
d isserta tion) have shown that there is an immunological response to  BEA 
in s u lt .  The immunoperoxidase method has shown tha t substantia l
deposits o f IgM (but not IgG or IgA) occur in the necrosed medulla and 
some glomeruli w ith in  3 days of administering BEA. S urp ris ing ly , th is  
pattern of immunodeposits (only IgM) is maintained, almost unchanged, 
fo r  at least 54 days. The e a rlie s t deposits appear to be a consequence 
o f the BEA in s u lt and do not seem to contribute to the lesion, but may 
play some ro le  in the sequelae.
At th is  stage i t  is not possible to explain why other immunodeposits 
do not fo llow  IgM. I t  seems reasonable to speculate tha t the IgM 
deposits form in response to the lesion, but the rapid destruction of 
the medullary m icrovascularity prevents fu rthe r immunological responses 
from occurring.
7.1.4 The E ffect o f BEA on Proteoglycan, Glycosaminogl.ycans and Tamm- 
Horsfa ll Glycoprotein.
The histopathological data from th is  study (5.1) and from other 
studies on BEA (W yllie et a l . ,  1972) El (Ham & Tange, 1959) involving 
fa t- fre e  d ie t and asp irin  (Molland 1978a,b), the biphenyl (Hardy 
1970a,b, 1973) and human analgesic abusers (Burry e t a l . ,  1977) have 
highlighted the resistance of the co llec ting  duct u ro the lia  and tha t 
covering the p a p illa  to necrosis. The e a rlie s t medullary elements to 
have been necrosed were the loops of Henle, the c a p illa r ie s  and the 
in te r s t i t ia l  c e lls . I t  is , however, d i f f ic u l t  to be certa in  i f  the 
in tac t u ro the lia  represents the o rig in a l ce lls  or a population which 
had re -e p ith e lia lise d  the basement membrane (Cuppage & Tate, 1975).
The increase in MPS sta in ing in te n s ity , followed by loss of 
sta in ing, has not previously been described fo r  BEA-induced RPN. The 
exact nature of th is  biphasic change s t i l l  has to be f u l ly  studied, but 
several prelim inary comments can be made. BEA causes a marked change in 
urinary PoG-GAG-derived m ateria l. There is a sustained increase in a 
high molecular weight m ateria l, and an early marked loss of substances
of intermediate molecular weight, followed by a rebound in which one of 
the components was absent (6 .7 .1 ). BEA also caused a loss o f 
radiolabelled sulphate from the p ap illa  t ip ,  but not from other renal 
and non-renal tissue.
Because of the paucity of data on the dynamics medullary PoG-GAG, i t  
is necessary to in te rp re t these observations speculative ly. Other 
techniques w il l  be required to probe the exact molecular changes.
Previously published data, fo r  example, the electronmicroscopic 
study o f H il l  et a l. ,  (1972) give no ins igh t to these changes because no 
e f fo r t  was made to f ix  PoG-GAG in s itu , which we now know to be 
essential (Furusato, 1977).
I t  seems lik e ly  that the early increase in sta in ing in te n s ity  
represents conformational changes where more sta in ing s ites  are 
available rather than increased synthesis or decreased degradation 
because of the rapid nature of the change. This is consistant with the 
formation o f urinary crysta ls reminiscent of magnesium ammonium 
phosphate, but actua lly  being atypical and containing large amounts o f 
potassium. This could arise from a disruption of the polyanion ion 
exhange nature of the ground substance, a concept supported by the 
marked cryoprotective e ffe c t o f BEA (6.2.2) and the sudden diuresis i t  
causes (6 . 1) when large amounts of solute were released to so lu tion . 
The exact cause and nature of these changes awaits fu ture  research. 
They could arise from d ire c t e ffects  on the in te r s t i t ia l  or other c e lls , 
or on the matrix i t s e l f .
S im ila rly , the loss of sta in ing needs to be fu l ly  defined. I t  may,
fo r  example, represent only the loss of sulphate anionic groups (6 .7 .2)
as shown by the experiments described above. I t  was not possible to
define the changes in terms of loss of labe llin g  from the polysaccharide
14back-bone o f the GAG, because i t  was not practicable to get enough C
precursor incorporated. The marked changes in urinary uronic acid
(6.7.1) do, however, suggest tha t th is  sytern is markedly perturbated by 
BEA, but the exact change is s t i l l  to be established. The loss of 
sta in ing may re la te  to fa ilu re  of the renal in te r s t i t ia l  ce lls  to 
synthesise "charged" PoG-GAG, from the leakage of proteoglycan 
degrading enzymes from medullary or co rtica l elements of the kidney or, 
a lte rn a tive ly  due to the activa tion  of a poorly understood ox ida tive - 
reductive depolymerisation which can occur in  many types of 
macromolecules, especia lly the glycosaminoglycans (Pigman et a l. ,  
1961). " *
Whatever the cause, the consequences might be expected to be fa r
reaching. They would explain the d iu res is , loss of concentrating
a b i l i t y ,  s lig h t aciduria  (described above) and the e le c tro ly te  wastage 
reported by Sabatini et a l . ,  1981.
Assuming that the primary e ffe c t is  d ire c tly  and s p e c if ic a lly  on the 
ground substance one might expect subsequent damage and loss of the 
"de lica te" morphological structures in the medulla ( i .e .  the loops of 
Henle and microvasclature) when th e ir  supporting matrix was lo s t. This 
would explain why the f in a l collapse of medullary m icrovascularity only 
occurred a fte r MPS staining had been lo s t. One of the many unresolved
questions which s t i l l  perplex nephrophiles is how the medullary
in te r s t i t ia l  ce lls  can function in an osmotic environment which varies 
from a few hundred to several thousand mOsm/kg. I t  seems possible th a t, 
the PoG/GAG matrix modifies markedly the osmotic e ffe c t on these c e lls ,  
loss of which would leave them exposed to altered osm olality with 
subsequent damage. The consequences of the loss of medullary 
in te r s t i t ia l  ce lls  are discussed below (see 7 .1 .5).
Our in te res t has very recently been focussed on Tamrn-Horsfall
figlycoprotein (THGP) a macromolecule ( 7 x 10 daltons) which appears to
be synthesised s p e c ific a lly  by and associated only with the d is ta l 
nephron. I ts  exact physiological ro le  is uncertain, but i t  is thought 
to "waterproof" the d is ta l nephron (and thus contribute to urinary 
concentration) and prevent bacte ria l attachment to the u ro the lia . In 
disease i t  forms the major component of hyaline casts, i t  may be an 
essential organic constituent of ca lcu li and there is  some evidence 
that i t  is potently immunogenic (Hoyer & S e ile r, 1979 and Dawnay, 1981).
We have recently studied the time-course changes in renal THGP 
d is tr ib u tio n  a fte r a BEA in s u lt,  using an immunoperoxidase a n ti-  
peroxidase method. THGP was lo s t from the d is ta l nephron about 12h 
a fte r BEA , subsequently strongly p o s itive ly  sta in ing material 
deposited in the co llec ting  ducts of those areas where necrosis had or 
was taking place, and from where loss of MPS sta in ing had occurred. 
There was a consistant impression tha t those ducts of B e ll in i which 
contained the largest amounts o f THGP positive  material drained tha t 
part of the kidney in which secondary co rtica l cystic  d ila ta tio n  of the 
nephron was by fa r the most marked (Wirdnam et a l. ,  1981). Rats 
pretreated with low doses of asp irin  before BEA (5 .3 .4d) showed massive 
cys tic  d ila ta tio n  and had, in add ition, heavy deposits o f THGP positive  
material in the Bowman's capsule around the glomerula t u f t .  A f u l l  
discussion on the possible sign ificance of these changes is  beyond the 
scope of th is  d isse rta tion , but w ill.b e  considered b r ie f ly  below (see 
7 .1 .6 ).
7.1.5 BEA, Medullary In te r s t i t ia l  Cells and The Possible Consequences 
of In te r s t i t ia l  Cell Damage or Loss.
The fa ilu re  of medullary in te r s t i t ia l  ce lls  to repopulate a necrosed 
p a p illa , even when the basement membrane is re -e p ith e lia lise d , may have 
several fa r reaching sequelae.
7.1.5.1. The loss o f medullary ground substance synthesis. The absence
of these ce lls  precludes the synthesis of medullary PoG-GAG ground 
substance. Thus the medulla would be w ithou t:-
A) I ts  immense water holding capacity.
B) The e la s tic  matrix which supports the "de lica te" elements of the 
region such as the th in  loops o f Henle and ca p illa r ie s .
C) The polyanionic ion exchanger on which cations could be stored 
in th e ir  tra n s itio n  from f i l t r a t io n  to reabsorption.
D) The h ighly negatively charged b a rrie r which (also possibly 
provides the source o f at least some of the urinary mucoid m ateria l) 
prevents bacte ria l attachment, in f i l t r a t io n  and colonisation.
E) Urinary PoG-GAG is thought to have an important ro le  in 
preventing urinary supersaturation and therefore the formation o f 
inorganic crysta l which would act as nuclei fo r the growth of c a lc u li.
The absence of PoG-GAG may be an important underlying cause of the 
e le c tro ly te  wastage (Sabatin i, 1981b) and re su lt in c a lc if ic a tio n  
w ith in  the in jured medulla (Shimamura et a l. ,  1974). Experimentally 
induced renal in fections have been reported to be established read ily  
a fte r, but not before, BEA treatment (Thiele, 1974). The fa ilu re  o f BEA 
treated rats to develop in fection  may re la te  to the lack of challenging 
organism from th e ir  "p ro tective" environment.
7.1.5.2 The perturbation o f medullary PG synthesis. In te r s t i t ia l  
ce lls  are a major s ite  of PGE^  synthesis (2 .3 .4 .2 ), but the ro le  i t  
plays in renal function remain uncertain. The BEA-induced d is truc tio n  
of the in te r s t i t i t a l  ce lls  may o ffe r an important means by which to  
probe the in tra -  and extra-renal functions of PGE^  synthesis in th is  
region of the kidney.
7.1.5.3 The anti hypertensive contribution of medullary in te r s t i t ia l  
c e lls . The ro le  of both medullary PG and lip id s  in preventing 
hypertension have been reported above (2 .3 .3 .2 ).
Shimamura (1976) was only able to induce hypertension in male 
Fischer 344 rats previously treated with BEA i f  they were s a lt  loaded. 
Heptinsta ll et a l. (1975) however, induced a frank hypertension (mean 
increase in blood pressure of 15 mm Hg) in female Hoitzman ra ts (given 
a s im ila r dose o f BEA, 250mg/kg iv ) w ith in  a few weeks. Those rats 
treated with BEA in which one kidney was also clipped showed a fa r  
greater r ise  in blood pressure than was caused by c lipp ing  only. There 
was an identica l response in the increase in the normalised heart weight 
( i .e .  BEA and c lip  greater than c lip  alone, which was greater than BEA). 
These findings have recently been confirmed (Thurston, H.B., personal 
communication) where sa lt-load ing  was found to be a necessary 
prerequisite  to increase blood pressure. The c lipp ing  o f one renal 
a rte ry in the BEA treated (s a lt free) ra ts  caused a more pronounced 
hypertension than did c lipp ing  alone. In th is  respect i t  is in te res ting  
that whereas removing the c lip  from normal rats is followed by a 
normalisation of blood pressure , but th is  was not the case in  BEA 
pretreated ra ts .
7 ,1.6. BEA-induced RPN, Primary Lesion and Secondary E ffects .
These studies suggest tha t one of the e a rlie s t e ffec ts  o f BEA is  on 
the medullary ground substance, which fo r  reasons tha t are s t i l l  not 
c lear, undergoes conformational changes as a prelude to the loss of 
sta in ing and necrosis o f the "sensitive" elements o f the medulla, such 
as the loops of Henle, the ca p illa r ie s  and the in te r s t i t ia l  c e lls .
The techniques used in th is  study have not enabled the fin e  
d iffe re n tia tio n  between a primary e ffe c t on the in te r s t i t ia l  matrix as 
opposed to the in te r s t i t ia l  ce lls  to be made. The early  changes in the 
ground substance were, however, present at the same time as a d iu res is , 
well before l ig h t  microscopic changes were apparent in the 
morphological elements which are responsible fo r  countercurrent
concentration. This loss of urine concentrating capacity continued 
when the morphological apparatus was lo s t.
During the course of medullary MPS changes, p a rtic u la r ly  when 
stain ing was lo s t and necrosis apparent THGP from the d is ta l nephron 
formed heavy deposits in the ducts of B e ll in i.  There is inadequate 
data, at th is  tim e, to explain the THGP casts but i t  seems reasonable to 
suggest tha t some, or a l l ,  o f the fo llow ing factors could play a ro le . 
THGP forms insoluble aggregates from solutions of acidic pH and of high 
ion ic  strength (Hoyer & S e ile r, 1979). These conditions, of increased 
hydrogen ion (6.1) and e le c tro ly te  concentration are met sho rtly  a fte r 
BEA dosing. I t  is  possible tha t the normal turnover and excretion of 
medullary PoG-GAG would, by like-change repulsion, prevent THGP 
aggregates depositing on the co llec ting  duct u ro the lia . When the 
process of necrosis had destroyed these substances THGP deposits might 
attach to the co llec ting  duct walls.
I t  is tempting to speculate tha t the cys tic  (d ila ted ) nephron and the 
glomeruli ensheathed in THGP arise because of the "back-pressure" tha t 
develops in a blocked co llec ting  duct system. A ll of the current 
theories on the pathophysiology of renal haemodynamics (Maher, 1981 and 
Oken, 1981, 1982) discount th is ,  however. The answer may be as simple 
as an osmotic e ffe c t caused by THGP or other macromolecules confined to  
the nephron, or i t  may be more complex. Whatever the cause i t  seems to 
be the secondary co rtica l changes which lead to degenerative responses, 
loss o f viable functioning nephron fa ilu re . The route(s) by which the 
THGP reaches the glomeruli and the consequences of i ts  presence are, at 
th is  stage uncertain.
Some commentary, both factua l and speculative, must now re la te  these 
changes to the molecular pathogenesis of the chronically-induced types 
of RPN.
7.2 POSSIBLE MULELULAK LHMNbUS IMMI U N U LK LT in r M m iv ,n i .u  i i m w q l u
PAPILLARY NECROSIS IN BOTH ANIMALS AND IN MAN
Rather than try in g  to extrapolate data from an acutely induced RPN 
(in  a un ipap illa ry  species) to a chron ica lly  induced lesion an attempt 
w i l l  be made to h ig h lig h t p a ra lle l and possibly re lated events in both 
the experimental models and in the human c lin ic a l s itua tions .
7.2.1 Histopathological S im ila r it ie s .
The pathology of analgesic-induced RPN in man and in animals shows 
several spec ific  and common features akin to those described fo r  the 
BEA-induced model. These include loss or altered MPS sta in ing (most 
prominently at the p a p illa  t ip )  fo r  asp irin  (Molland, 1978a,b) and in 
man (Burry, 1968 and Gloor, 1978), c a lc if ic a tio n  in asp irin  treated 
rats (Molland, 1978a,b) and in humans (Burry et a l . ,  1977). 
C a lc ifica tio n  may, however, only, be a sign of tissue inury. There are 
heavy hyaline casts in the co llec ting  ducts of rats (Molland, 1978a) and 
man (IBurry et a l. ,  1977) and hyalinised glomeruli have also been 
reported (Burry, 1968).
7.2.2 Toxicokinetics o f Chemicals Which Cause RPN Chronically and the 
E a rlies t Morphological and Functional Changes.
There is extensive data to show tha t most analgesics are excreted 
predominently v ia  the kidney (see data o f Ransford et a l . ,  1981 and 
review by Prescott, 1979) although many of the NSAID (e.g. 
indomethacin) have a major b i l ia r y  excreted component (see Smith, 
1973).
Toxicokinetics appears to play a more important ro le  than has 
h ithe rto fo re  been appreciated. I t  has, fo r  example, recently been 
shown that intravenous administered asp irin  (Tange, J . ,  personal 
communication) and indomethacin (Burnett, R., personal communication) 
can be used to cause RPN more rap id ly  and reproducibly than has so fa r
been reported. Obviously, when given by other routes lower 
concentrations of the parent compound reach the kidney.
The e a rlie s t morphological changes in aspirin-induced RPN in the ra t 
occur in the in te r s t i t ia l  c e ll (Molland, 1976, 1978a,b), a find ing  
which could not be confirmed in man because of the late stage at which 
the lesion is invariab ly  id e n tif ie d .
The most obvious functional change in response to biphenyl in s u lt 
(Hardy, 1970a) by the ra t is the loss of urinary concentrating a b i l i t y .  
Nanra (1980) has highlighted th is  functional change early in the course 
of analgesic abuse, although i t  is  often overlooked. In th is  respect 
pa ra lle ls  could be drawn between: -
i )  the lack of MPS sta in ing in the Brattleboro ra t and th e ir  urine 
concentrating defect,
i i )  the perturbation o f medullary MPS stain ing and the loss of 
concentrating a b i l i t y  in the BEA treated ra t,  and
i i i )  the s im ila r response in analgesic abusers.
There are other areas where s im ila r pa ra lle ls  can be drawn.
7.2.3 The Effects of Analgesics and NSAID on Medullary Proteoglycan, 
Glycosaminogl.ycan and Glycoprotein.
There is now a substantial body of information which shows tha t 
analgesics and NSAID in h ib it  the incorporation of ^S0^~ in to  PoG-GAG 
synthesised by ca rtilage  in v it ro  (McKenzie et a l. ,  1976; Palmoski & 
Brandt, 1980; Palmoski et a l . ,  1980 and Dekel et a l. ,  1980). There 
were, however, differences between the absolute and the comparative 
e fficacy  of any one o f the compounds tested. Corticosteroids also 
inh ib ited  PoG-GAG synthesis, but only when present at concentrations 2 
to  3 orders of magnitude greater than the analgesics and NSAID (Dekel et 
a l. ,  1980).
Recently, Comper et a l. (1981) have reported that the a n ti­
inflammatory compounds also prevent the release and the degradation of 
PoG, in v it ro  an observation which may re la te , at least in pa rt, to  the 
in h ib ito ry  e ffects these compounds have on the synthesis, release or 
action of proteoglycan degrading enzymes (Ackerman et a l . ,  1981). The 
top ic  is s t i l l ,  however, equivocal because Videman et a l . ,  1981 were 
unable to show any of these e ffects  on rabb it ca rtilage  in v ivo .
There is a lack o f d ire c t experimental information concerning the 
e ffe c t of analgesics or NSAID (or indeed any chemicals) on medullary 
PoG-GAG metabolism. The work o f Nanto et a l. ,  (1964) showed tha t
phenacetin feeding caused marked changes in urinary GAG. Their data
showed a s lig h t increase in the amount of uronic acid compared to
hexosamine and a change in the electrophoretic pattern o f GAGs to 
include more negatively changed m ateria l. This was, however, a short­
term study (14 days) using low doses (lOmg per adult Wistar ra t)  and no 
h istopathological data was availab le. Weldrake (1975) reported that 
asp irin  (given o ra lly  to male Wistar ra ts , 900 mg/kg day fo r  21 days) 
decreased labelled glucosamine turnover in renal mitochondria and
microsomes, but had no e ffe c t on sulphate. No attempt was made to
d iffe re n tia te  between medullary and cortex e ffe c ts , furthermore the
h a lf - l i fe  was assessed by to ta l residual a c t iv ity  in the in tra -c e llu la r  
organelles.
Molland (1976, 1978a,b) found an extensive loss of medullary MPS 
w ith in  8 weeks of giving 250mg/kg/day aspirin  to ra ts . I t  is ,  however,
uncertain i f  th is  was a consequence of e a rlie r  damage to  the
in te r s t i t ia l  ce lls  or not.
7.2.4 The Sequelae to Altered Medullary PoG-GAG, THGP and In te r s t i t ia l  
Cell Function in the Development of RPN.
The administration o f analgesics to experimental animals may produce 
a diverse range of other e ffec ts . There are invariab ly  heavy deposits
of inorganic material in the medulla a fte r asp irin  (Molland, 1976, 
1978a,b). Aspirin  treatment has also been shown to predispose rats most 
markedly to the challenge o f renal in fection  (V iva ld i, 1968).
Parsons and Mulholland (Parson's .e t -a l. ,  1980, and references c ited  
there in) have, over the las t 5 years, highlighted the essential ro le  
tha t urinary tra c t PoG-GAG plays in preventing the attachment of micro­
organisms and m icro-crystals which form the nidus fo r  stone formation. 
Analgesic or NSAID suppression of unro the lia l PoG-GAG synthesis would, 
therefore, be expected to re su lt in  the increased r is k  o f : -  
( i )  bacteria l fimbriae attachment and - co lonisation, which in  turn  
would provide a vast supply of free bacteria with the po ten tia l fo r  
vesico-ureteric re flux  in fec tion  and bacteria l pyelonephritis (Risdon, 
1981). In th is  respect i t  is perhaps s ig n ific a n t tha t patients who have 
a high analgesic intake (although not s t r ic t ly  analgesic abusers) also 
had a high incidence of urinary tra c t in fection  (Waters et a l. ,  1973) 
although other factors may have been the cause. In addition patients 
who are established analgesic abusers have a very high incidence of 
urinary tra c t in fec tion  (see 3.1 and Table 3.2 fo r  references).
i i )  The attachment of urinary crysta ls  would be expected to provide 
the nucleus from which ca lcu li and stones could develop, providing the 
urine was saturated with "su itab le " inorganic material (N.B. th is  
should be less lik e ly  i f  there was a concentrating defect). Blackman et 
a l. (1967) have reported a very high incidence o f c a lcu li formation in 
patients who took large quantities of analgesics, although they were 
not abusers per se, nor were any diagnosed to have RPN. Patients w ith 
RPN have a high incidence of renal ca lcu li and bladder stones (K incaid- 
Smith, 1980 and references cited in Table 3.2 and section 3.1)
I t  is , however, most d i f f ic u l t  to separate the formation of renal 
ca lcu li and stones from the process o f urinary tra c t in fe c tio n . They
both have a s im ila r nidus and the development of one may predispose to 
the other.
The ro le  of Tamm-Horsfalljglycoprotein in preventing u rinary tra c t 
in fec tion  (Asscher, 1981) and promoting ca lcu li formation and growth 
(Nordin et a l. ,  1979; Hoyer & S e ile r, 1979 and Dawnay, 1981) is  s t i l l  
not to ta lly  delineated. The recent evidence we have obtained (7.1.4) 
does, however, suggest tha t i t  may play an important ro le  in the 
development of secondary pathological changes in the cortex, apart 
from the reported hyaline casts and hya lin isa tion  of glomeruli in 
humans (Burry, 1968).
Recently the chronic administration of several types o f mixed 
analgesics to Wistar ra ts over a 72 week period, has been found to cause 
hypertension (Nanra, R.S., personal communication) with increases in  
blood pressure of about 40mm Hg. The incidence of hypertension is 
marked in human analgesic abusers (Table 3.2) with RPN. Hypertension is  
more common the greater the ingestion of analgesics and the more 
advanced the lesion. Stewart & Gallery (1976) have suggested tha t sub- 
c lin ic a l RPN may be associated with a large number of patients who are 
diagnosed as suffering from essential hypertension. Once again, 
however, i t  is not possible to prove tha t analgesic or NSAID-induced 
destruction o f the medulla, p a rtic u la r ly  the medullary in te r s t i t ia l  
ce lls  is the o rig ina l and only cause of an elevated blood pressure. The 
secondary co rtica l changes which fo llow  the RPN may be responsible or, 
a lte rn a tive ly , urinary tra c t in fec tion  (vide supra) and hypertension 
are inex tricab ly  linked in a c lin ic a l s itua tion  (see Asscher, 1981).
7.2.5 Towards the Diagnosis of Chronically Induced RPN.
The changes in the urinary excretion of PoG-GAG m aterial a fte r BEA 
suggests tha t th is  may be a se lective marker fo r  RPN. The possible 
value o f th is  approach is supported, by the almost to ta l ly  ignored work
of Kasanen et a l. ,  (1964) who reported that there was an increase in 
urinary GAG associated with "phenacetin" analgesic abuse and tha t the 
concentration of GAG-derived hexosamine almost doubled. These data 
are, however, d i f f ic u l t  to in te rp re t beyond acknowledging tha t a marked 
q u a lita tive  and quan tita tive  change in urinary PoG-GAG may take place 
in analgesic abusers. The e lectrophoretic p ro file  of urinary proteins 
from analgesic abusers has recently been shown to include marked 
increases in high and low molecular weight components, a c r i te r ia  which 
distinguishes them from normal subjects and from those with other types 
of renal lesions (S to lte , H., personal communication)
Obviously a great deal of research e f fo r t  is  needed in th is  
d ire c tion .
7.2.6 Hypothesis fo r  Future Investiga tion .
U rothe lia l and in te r s t i t ia l  PoG-GAG could play the most important
i '
ro le  in the pathogenesis of RPN, see Fig. 7.1 & 7.2.! Chemically induced 
decrease in i ts  synthesis could predispose to bacteria l in fe c tion  and 
ca lcu li growth, f i r s t  in  the bladder, and la te r by re flu x  in fec tion  to 
the medulla where depressed PoG-GAG would predispose i t  to  both 
in fection  and ca lcu li and stones. These factors are inseparably 
linked, they are s e lf promoting and one could aggrevate the other.
Bacteria produce substantial quantities o f proteoglycan degrading 
enzymes (Kennedy, 1979), although there is  no data in th is  respect on 
those organisms which commonly cause urinary tra c t in fections or 
bacteria l pyelonephritis. Thus bacteria have the po tentia l to  destroy 
medullary PoG-GAG. There is ample experimental (Adriano & Schwarz, 
1955 and Hurley & Winner, 1963) and c lin ic a l evidence (Tomashefski & 
Abramowsky, 1981) to show tha t Candida albicans, and other members of 
the genus Candida, do cause a p a p illa ry  necrosis as part o f systemic 
candidosis. These fungi have a pred ilection  fo r mucoid m ateria l, and
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Fig. 7.2 The possible sequelae which fo llow  
in te r s t i t ia l  ce lls .
the loss o f renal medullary
would, therefore, on purely te leo log ica l grounds be expected to have 
the necessary enzymic complement to convert the medulla matrix to th e ir  
own energy and s tructu ra l requirements.
Both in h ib it io n  of synthesis or enzymically digested PoG-GAG would 
re su lt in the loss o f an e ffe c tive  urinary concentrating mechanism.
7.3 POSSIBLE FUTURE RESEARCH DIRECTIONS IN RENAL PAPILLARY NECROSIS
Considered in perspective BEA o ffe rs  a valuable model fo r  studying 
the molecular pathogenesis of RPN. Those areas of research which might 
be followed in an attempt to fu rth e r c la r ify  the molecular mechanism 
underlying RPN are suggested below.
7.3.1 The U ltras truc tu ra l Changes Which Preceded BEA-induced RPN.
Only one time-course study of u ltra s tru c tu ra l changes has thus fa r  
been reported fo r  BEA-induced RPN. The only major conclusions reported 
by H il l  et a l . ,  1972, were tha t the morphological changes ran a p a ra lle l 
course in both blood vessels and in the tubules: a ll other changes in
the early stages were rather non-specific. Unfortunately, however, 
these observations related to a model tha t was d iffe re n t to the system 
we have used fo r  reasons tha t are fa r  from certa in . The possible 
importance o f medullary PoG was obviously not perceived by H il l  et a l . ,  
(1972). Only recently have spec ific  methods been described to f i x  these 
macromolecules in s itu  (Furusato, 1977).
Obviously the u ltra s tru c tu ra l changes fo llow ing BEA have to be 
reassessed in a time-course study where p a rticu la r a ttention is  paid to 
the PoG-GAG ground substance and how changes in i t  re la te  to  the renal 
medullary in te r s t i t ia l  and other ce lls  as the morphological changes 
develop. The recent advances in immunohistochemistry, p a rt ic u la r ly  at 
the u ltra s tru c tu ra l le ve l, make i t  essential to add th is  technique to 
the single dimension of morphology. Our own data suggests tha t THGP is  
an important marker in the course of RPN. The ra is ing  o f antibodies (to
be used fo r  immunoperoxidase sta in ing) against the d iffe re n t frac tions 
of PoG-GAG, which most l ik e ly  occupy the medullary m atrix, w il l  give 
more meaningful results  than the general non-specific histochemical 
methods tha t are commonly used. Equally, although probably of less 
s ignificance at th is  stage, immunohistochemical techniques could be 
valuable to h igh ligh t changes which might not otherwise be apparent. 
These could include tubular basement membrane, spec ific  areas of the 
nephron, spec ific  molecules w ith in  certa in  c e ll types, or sub­
population of certa in  c e lls .
Assuming tha t the renal in te r s t i t i t a l  ce lls  are the vulnerable ce ll 
type in the medulla (7.1 and 7.2) i t  would be necessary to establish 
tha t the BEA in s u lt was p rim a rily  directed towards them and not, fo r  
example, at some adjacent c e ll which caused (as a secondary 
consequence) a pathobiological response by the in te r s t i t ia l  c e lls . The 
c e llu la r  s p e c if ic ity  o f the BEA in s u lt would also have to be studied in 
v itro  (7 .3 .4 ).
A most important question tha t needs to be probed is  the exact 
molecular cause tha t underlies the increased sta in ing in te n s ity  
observed in the medullary matrix (5.2) fo llow ing BEA. In v it ro  methods
(7.3.4) w i l l  give an important ins igh t in to  PoG-GAG k ine tics  and 
chemical changes. In addition X-ray microprobe analysis o f the matrix 
in fixed or frozen u ltra th in  sections, or in freeze fractured tissue 
masses (using scanning electron microscopy) could be used to give an 
important idea of changes in water holding capacity, surface exposed - 
S0“ groups and the changes in other anions and cations (Saubermann et 
a l . ,  1980a, b and Bulger et a l. ,  1980).
7.3.2 The Id e n tity  o f the BEA Metabolites and Their D is trib u tion  and 
Nephrotoxic Effects
The prelim inary data reported above (6.5) suggests tha t there are 6-
8 u rinary BEA metabolites and possibly a s im ila r number of d iffe re n t (?) 
b i l ia r y  products.
Despite i ts  simple structure BEA could fo llow  an impressive array of 
chemical and b io log ica l pathways in v ivo , based on the lim ited  
published information and on theore tica l considerations (F ig. 6). 
Several of these are potentia l a lky la ting  agents e ithe r as they are 
(e.g. El) or v ia  metabolic a c tiva tion , thus i t  is  essential to estabish 
the s tructu ra l id e n tity  of these compounds. This w il l  give an ins igh t 
in to  several c r i t ic a l  questions such as:-
A) the importance of BEA derived a lky la ting  metabolites,
B) the nature o f the higher molecular weight metabolites, (are these 
degraded products from alkylated macromolecules, and i f  so what type of 
macromolecule, or are these compounds alkylated micromolecules, such as 
l ip id s , amino acids e tc .)
C) the common pathways in the formation of urinary and b i l ia r y  
metabolites,
D) i f  the metabolism of endogenous molecules were being blocked, 
e.g. acting as an EA analogue,
E) allowing the chemical synthesis of metabolites so tha t the 
nephrotoxicological e ffects  of each compound can be assessed 
in d iv id u a lly ,
The p o s s ib ility  that the chemical formation of El (from BEA)
provides the proximate p ap illo tox in  can only be tested properly when
the major BEA metabolites have been id e n tif ie d . The d e fin it iv e  te s t
w i l l  then impinge on the la b e llin g  pattern of metabolites derived 
14from 2-brom o-[l- Cjethanamine. I f  the label remains adjacent to the 
amine exclusive ly then that metabolite could only have been formed via  
BEA. The " s h if t "  o f any labe lling  to the C-2 w il l  re la te  d ire c t ly  to 
the amount of El formed and subsequently metabolised.
Recent studies using BEA analogues suggested that the p a p illo to x ic  
e ffec ts  of BEA was closely linked to its  structure . 2-Chloroethylamine 
HC1 (an established DNA a lky la ting  agent) had no e ffe c t over a dose 
range of 20 to 500mg/kg ip . Whereas 3-bromopropylamine HBr caused focal 
p a p illa ry  necrosis at a dose of 500mg/kg ip , 3-bromo-(2- 
hydroxy)proylamine HBr caused marked proximal convoluted tubule 
necrosis at doses o f 200mg/kg ip . There are too few compounds to draw 
any firm  s tru c tu re -a c tiv ity  re la tionships and data may represent 
changed pharmacokinetics and d is tr ib u tio n , or fa ilu re  .to reach the 
kidney due to d iffe re n t hepatic metabolism. S tructural analogues w i l l ,  
however, be essential when in v it ro  short-term tests are being assessed
(7 .3 .4 ).
7.3.3. The Development of Non-invasive Marker Assays fo r  Diagnosing 
RPN.
The d if f ic u lt ie s  in diagnosing RPN have remained the major stumbling 
block fo r  both tox ico log is ts  and nephrologists in th e ir  attempts to  
understand and prevent th is  lesion.
Our in te res t in  studying the changes in and excretion of medullary 
PoG, GAG and oligosaccharides appears to have been la rge ly  vindicated 
by the histochemical studies (5.2) and by the changed pattern in the 
polydispersion of urinary uronic acid (6 . 6. 1) and radiolabel 
d is tr ib u tio n  (6. 6 .2), and the approach looks promising fo r  the 
id e n tif ic a tio n  of markers of the lesion.
The medullary ground substance is  obviously an area where a great 
deal of investigations w il l  be required. While the problem w i l l  be 
c la r if ie d  by u ltra s tru c tu ra l and immunohistochemistry, the relevance to 
RPN w il l  only be established i f  a change in one or more u rinary , blood, 
b ile  or expired a ir  metabolites of PoG can be related to the extent of 
the lesion. These investigations would be fu t i le  ( in  tha t they might be
impossible to extrapolate to man) unless they were undertaken in the 
widest context. Here i t  would be necessary to fu l ly  characterise the 
medullary PoGs and understand the various metabolic pools and the 
factors which a ffe c t them. In th is  regard the “ spec ific " 
rad io labe lling  of the renal PoG, by administering or ^C -
precursors e ithe r in to  the aorta or d ire c tly  in to  the renal artery 
would be a useful adjunct, and cultured in te r s t i t ia l  ce lls  (7.3.4) 
would be especia lly valuable, because of the a b i l i ty  to tes t and control 
many b io log ica l variables.
There may well be other markers which are simpler or more spec ific  
determinants of RPN. The renal medullary in te r s t i t ia l  ce lls  are unique 
and characterised morphologically by th e ir  inclusion of numerous l ip id  
droplets, which w i l l  be released when these ce lls  are necrosed. Thus i t  
should be possible to monitor fo r  arachidonic acid metabolites 
(2 .3 .4 .3 ), fa t ty  acids (especia lly adrenic acid (2.3 .4 .2) which is 
confined to in te r s t i t ia l  and adrenal c e lls ) ,  or p a rticu la r 
phospholipids which appear to be peculiar to the in te r s t i t ia l  c e lls . 
Several o f these compounds have been described to exert a n ti­
hypertensive e ffe c ts , including renin in h ib ito r ,  neutral l ip id  and the 
a lkyl ethers o f phosphatidylcholine. (Muirhead et a l. ,  1981). The 
la t te r  group of compounds appear destined to be exploited fo r  
therapeutic control of hypertension, thus monitoring of phospholipid 
may, unless methods are very sp e c ific , be confined to experimental 
studies only.
7.3.4 Short-term Tests o f P ap illo tox ic  P o ten tia l.
Means of assessing the p a p illo to x ic  potentia l of chemicals and drugs 
are fraught with problems. The lesion is eas ily  overlooked i f  
histopathology is not painstakingly executed, as may often occur in 
routine tox ico log ica l' screening. Further, there are species
differences, not a ll the animals in a group develop the lesion and 
dosing fo r  many months may be required before any changes occur. 
F in a lly , the dose at which compounds are administered may be c r i t ic a l .
The observation (5.3.4) tha t rats can be made considerably more 
sensitive to the BEA in s u lt by pre-trea ting  them with chemicals having 
p a p illo to x ic  p o ten tia l, a l l w ith in  the period of 7 days, suggests an 
important possible a lte rna tive , the possible p i t fa l ls  of which have 
been discussed (5 .3 .4d ),. In addition, th is  sytem requires a large 
number of animals, thus i t  generates a vast amount of h isto logy, and 
there may be complex unpredictable dose related in te rac tive  factors as 
already discussed (5 .3 .4d). This approach would be more cost 
e ffe c tive , however, i f  a su itab le non-invasive marker fo r  RPN had been 
developed.
Probably the most promising approach fo r  the immediate fu tu re  is 
c e ll cu lture  techniques. A number of workers have described renal 
medullary in te r s t i t ia l  ce lls  cu ltu res, but the most s ig n ific a n t 
contribution has come from (Kuroda et a l. ,  1979) who showed tha t non- 
in te r s t i t ia l  ce lls  could not survive a ca re fu lly  contro lled increase in 
cu ltu re  media osm olality. The surviving pure in te r s t i t ia l  ce lls  which 
were then cultured at e ithe r a high or a normal osm olality were shown to 
synthesise PGE£.
The cu ltu ring  of pure in te r s t i t ia l  ce lls  o ffe rs  a unique means of 
defining the biochemistry and morphology of these ce lls  in response to  
those factors which might cause perturbations in the normal medulla 
(e.g. osm olality, pOg, pH, e le c tro ly te s , and endogenous messengers such 
as ADH). Means of assessing the c e llu la r  repsonse to these facto rs 
should include the metabolism and k ine tics of PoG and the f u l l  range of 
l ip id  materials as well as, perhaps prote ins, nucleic acids and 
intermediates in c e llu la r  anabolism and catabolism. These studies
would establish the base lin e  data against which the e ffects  of 
chemicals with established in vivo p a p illo tox ic  po ten tia l could be 
evaluated (BEA, biphenys, analgesics and NSAID) to define the tes t 
c r ite r ia  against which other chemicals might be assessed.
The use o f cultured ce lls  would provide an eas ily  contro lled cost 
e ffe c tive  means of screening a large number of chemicals which required 
only a lim ited  number of tes t animals.
7.3.5 Factors Which A ffect the Development of RPN and the Importance 
of Therapeutic Papillopro tection
The development o f both experimentally induced RPN in animals and 
p a rtic u la r ly  analgesic nephropathy in man, are subject to a number of 
variables which are not well documented. These include genetic 
fac to rs , d ie t (type of food, anti-oxidants, vitam ins, type o f l ip id ,  
e le c tro ly te  "load", liq u id  in take), environmental conditions 
(temperature, hum idity), and xenobiotic exposure (type,amount, e tc .) .  
These factors might explain the variab le, and often irreproducib le , 
development of the lesion in experimental animals, why not a ll 
analgesic abusers develop the lesion and the d iffe re n t frequency of RPN 
w ith in  and between countries.
Before a systematic study is undertaken on these factors a spe c ific  
marker fo r  assessing the development of the lesion must become f irm ly  
established.
The long term goal of any such studies would be to delineate those 
factors which might exacerbate the lesion in humans (a t high r is k  of 
developing RPN) with a view to minimising them. I t  is also important to 
define how chemical in tervention could ameliorate or reduce the r is k  of 
RPN developing, somewhat akin to pyridoxine preventing peripheral 
n e u ritis  in isoniazid i treated patients. This may be p a r t ic u la r ly  
c r i t ic a l  i f ,  as appears to be the case, RPN is an inseparable
consequence of analgesic and NSAID action. The lim ited  find ings with 
anti-oxidants and lipo troph ic  factors discussed above may be a s ta rtin g  
point fo r  such studies. Careful d iffe re n tia tio n  must be made between 
measures which afford l i t t l e  or no protection against an acutely 
induced lesion, but would, perhaps, be most successful in preventing 
those less dramatic functional changes which underly a p a p illa ry  
necrosis tha t develops over a long period.
7.3.6 Chronically Induced RPN and Extrapolation to  Humans w ith RPN.
Analgesic nephropathy in humans is .a chron ica lly  induced lesion, 
thus the extrapolation from the BEA-induced lesion must be considered 
with due caution u n til the hypothesis outlined above (7.2) has been 
ve r if ie d  in a chron ica lly  induced experimental system. In the in te rim , 
however, much might be learned from comparing the spe c ific  urinary 
determinants o f the medulla ( i .e .  the urinary PoG-GAG, and th e ir  
breakdown products, and phospholipids and fa t ty  acids, p a rt ic u la r ly  
adrenic acid) in patients who are:- 
I )  Analgesic abusers.
I I )  Prescribed high dose, longterm analgesic and NSAID therapy.
I l l )  Known to have RPN.
IV) Diagnosed to have other types o f renal or non-renal disease, and 
V) Normal healthy contro ls.
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